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ABSTRACT
Nitrous oxide (N20 ) is a trace gas that contributes to the greenhouse effect and 
participates in the reactions that destroy stratospheric ozone. Soil microbial processes are 
significant producers o f this trace gas, particularly in tropical areas, which are considered 
major sources in the global NzO budget Nitrous oxide fluxes to the atmosphere are 
variable in space and time. In this study, spatial and temporal variability in surface N20  
fluxes were assessed as well as the major environmental controls on N20  production for a 
tropical rainforest watershed in northeastern Puerto Rico. A static chamber technique 
was used to assess surface fluxes and soil air probes were installed at different depths to 
determine soil concentrations o f N20 , methane (CH4), and oxygen (O J. Suction 
lysimeters were installed to sample soil water for the concentrations o f the major 
regulators o f the production o f NzO, specifically, nitrate (N 03*), dissolved organic carbon 
(DOC), and ammonium (N H /). Water table heights were monitored manually over the 
course of the study. Patterns in surface N20  flux across three topographic sequences were 
stable through time. The three sequences had similar flux rates in aerobic, slope 
environments and the streambank, however, they differed in anaerobic, riparian 
environments. The greatest fluxes in two o f the sites and lowest fluxes in the third site 
occurred at the junction between the slope and the riparian zone. In one o f the sites, the 
slope-riparian break was where soil water N 03* and DOC concentrations decreased
»v
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precipitously. Soil NzO concentrations were greatest in probes that had intermediate 0 2 
concentrations. Over the course o f storm events, there were no drastic changes in N20  
fluxes or the concentrations of the controllers o f its production in the break between the 
slope and the riparian zone. Redox status is helpful in predicting where NzO fluxes will 
occur on the landscape, with sites that are intermediate in Oz status having the highest 
N20  fluxes. Soil surface fluxes are not predictable based on soil concentrations of N20 , 
so physical effects on gas transport must be important in this rainforest ecosystem. Short­
term temporal variability is not important for the slope-riparian break, but may be in other 
topographic positions.
xv
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CHAPTER I 
INTRODUCTION
Trace gases emitted from the earth's surface exert important controls on global 
atmospheric chemistry, in spite o f their low concentrations. Fluxes of these gases vary in 
space and time. At large spatial scales, from high to low elevation and across a  range of 
systems, there is some level o f predictability in nitrogen (N) trace gas fluxes based on N 
and carbon (C) availability, cycling rates, and oxygen status (Vitousek and Matson 1988; 
Livingston et al. 1988; Matson and Vitousek 1990; Hutchinson and Davidson 1993). At 
a smaller spatial scale, that of the watershed, N trace gas fluxes may be predictable based 
on soil texture, drainage class and slope position (Peterjohn and Correll 1984; Davidson 
and Swank 1986; Groffman and Tiedje 1989a&b; Cooper 1990; Bowden et al. 1992; 
Triska et al. 1993). However, spatial variability in the production of N20  exists within 
the environments most likely to produce the gas (Cooper 1990; Schipper et al. 1993), 
which complicates prediction.
1
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Importance o f N,Q
Nitrous oxide is a gas that has multiple effects on atmospheric chemistry. In the 
troposphere, NzO is a greenhouse gas that is 200 times stronger than carbon dioxide 
(CO,) in its contribution to global warming (Lashof and Ahuja 1990). Nitrous oxide has a 
relatively long residence time, about 150 years, and is currently responsible for 6% o f 
global warming (Intergovernmental Panel on Climate Change 1990; Khalil and 
Rasmussen 1992). Once in the atmosphere, the only known means o f destruction are in 
the stratosphere. The stratospheric reactions that destroy NzO generate nitric oxide, (NO) 
which in turn destroys ozone (0 3). Stratospheric 0 3 is important for absorption of 
harmful incoming ultraviolet radiation.
In soils, the production of NzO has both negative and positive effects on the 
ecosystems involved. Nitrous oxide fluxes in agricultural systems represent a 
considerable loss o f fertilizer N for crops (Eichner 1990). Nitrous oxide can be the 
product of denitrification, which removes nitrate (N03 ) from groundwater in the riparian 
zone and thus protects water quality in streams and rivers. Concentrations o f 10 ppm 
N 03‘-N or higher are responsible for "blue baby” syndrome and nitrosamines are 
carcinogens.
2
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Currently, atmospheric concentrations o f N20  are increasing at a  rate o f 0.3% per 
year (Prinn et al. 1990). Evidence for increased NzO in the atmosphere exists in several 
forms. First, NzO concentrations have increased in gas bubbles that have been preserved 
in glacial ice over long periods (Dibb et al. 1993). Second, steadily increasing 
concentrations o f NzO are found in an 11-year record from several sites 
(Intergovernmental Panel on Climate Change 1990).
The tropics are important in global budgets because they are considered major 
emitters o f greenhouse gases and the ecosystems have not been well characterized. 
Sizeable trace gas fluxes have been found in  the few studies that have been done (Keller 
et al. 1986; Matson and Vitousek 1987; Matson and Vitousek 1990). High fluxes in these 
soils are due to the warm temperatures, high water content, and rapid m ineralization of 
organic matter (Robertson 1989). High clay contents due to accelerated weathering rates 
can exacerbate the problem. Changes in land use, particularly forest cutting  and 
replacement with cattle pastures or intensive agriculture can be major contributors (Keller 
et al. 1994; Keller and Reiners 1994). Agriculture is increasing in the region and with it 
use o f fertilizers, a factor that increases emission rates.
3
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Controls on the Soil Microbial Processes that Produce and Consume N?Q
Nitrous oxide is produced by several different microbial processes. During 
denitrification, a biochemical process that converts N 0 3‘ to N2, N20  can be produced or 
consumed. When 0 2 concentrations are low, N20  may be the final product o f 
denitrification and when 0 2 is depleted, N20  will be reduced to N2. Nitrifiers have been 
shown to denitrify, although it is still unclear as to why the pathway exists in these 
organisms (Poth and Focht 1985). It remains to be established whether the denitrification 
enzymes are present for energy conservation or to detoxify N 02' when conditions are too 
anoxic for the organisms that make the conversion from N 02' to N03* (Remde and 
Conrad, 1990; Laanbroek and Gerards 1993). A small amount of N20  is produced at the 
beginning o f the nitrification pathway by the chemical decay o f hydroxylamine, one o f 
the intermediates (Knowles 1985). In some environments, chemodenitrification, the 
chemical reduction of N 02\  can produce N20 , as well. Environmental conditions 
required in general for denitrification are low 0 2 tensions, an adequate supply o f N 0 3', a 
carbon source, and a microbial population capable o f making these conversions. The 
process o f autotrophic nitrification requires aerobic conditions, neutral pH, low organic 
carbon concentrations, sufficient NH4+, and an active population of nitrifiers.
4
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Water moving through an ecosystem affects many aspects o f the microbial and 
geochemical processes involved in N20  production. Movement o f substrates (organic 
carbon, NH4\  and N 0 3) to the sites o f production or consumption, and their availability 
at those sites will be controlled by water. Instantaneous concentrations o f  controllers 
determine whether or not the processes can occur. Water movement or stagnation can 
help or hinder removal o f biochemical end products. Gases can be delivered when 
rainwater enters the top of the soil profile saturated with 0 2 and C 02 or by groundwater 
being moved horizontally or vertically into different environments (Dowdell et al. 1979; 
Bowden and Bormann 1986; Ronen et al. 1988; Fleischer et al. 1994). By physically 
blocking soil pores, water can prevent movement o f gases away from or to zones o f 
microbial activity. When soil pores are blocked by water, dissolved gases can be 
depleted by consumption processes, for instance 0 2 depletion due to decomposition 
processes.
5
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Previous Research in the Rio Icacos Basin 
The focus o f studies on a catena, or topographic sequence o f soils, in the Rio 
Icacos basin in northeastern Puerto Rico has been on the role o f the riparian zone in N 
removal. The hypothesis that drives the studies is that geomorphology controls water 
movement and 0 2 status and therefore, the forms o f N  that will be present at a particular 
landscape position. Research to date has shown that N in groundwater is transformed as 
it passes from the hillslope environment, through the floodplain and into the stream. 
Nitrate concentrations are high in hillslope groundwater, decrease after entry into the 
floodplain, and increase slightly in the streambank and in the stream (McDowell et al. 
1992). In contrast, NH4+ concentrations are low in the hillslope environment, increase as 
water moves through the floodplain, decrease in the streambank, and into the stream.
Total N concentrations are highest in the upslope environment, lowest in the floodplain, 
and intermediate in the streambank. Little N is removed by in-stream processing as 
determined through stream addition studies. A survey o f tributaries within the basin 
indicates that low N 03' stream water is characteristic o f the low gradient, upper reaches of 
the basin under study.
Surface fluxes and groundwater concentrations o f N20  from the ridge, across the 
floodplain, and through the streambank exhibit patterns related to topography. Nitrous 
oxide flux is highest at topographic breaks in the landscape, with the break between the
6
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ridge and the slope being the highest, followed by the slope-floodplain break and then the 
streambank (Bowden et al. 1992). Where groundwater concentrations o f N20  have been 
measured (from the slope through the streambank), the highest concentrations correspond 
with the zones o f highest surface flux. Greatest potential for production o f NzO is in the 
upper 0-12 cm of soil in both the slope and the floodplain environment Very little NzO 
production occurs at depths o f 1 m in the slope or the floodplain. Nitrous oxide 
production in mid-depth slope soils is limited by 0 2 concentrations whereas N 03' is the 
limiting factor in mid-depth floodplain soils.
There are several reasons for intensification of studies in this watershed. I need to 
determine if  the results o f previous studies are representative o f this basin and to have 
replication in order to extrapolate my findings to the entire Icacos basin. Another site that 
has developed in sandy substrates in Brazil has been found to exhibit similar patterns of 
groundwater chemistry, which would allow me to further scale up my estimates (McClain 
et al. 1994). The Rio Icacos site has distinct redox transitions, which should make it 
easier to determine which factors control N20  production at different points on the 
landscape. As of now, my understanding o f patterns and mechanisms in this site is 
rudimentary, limited to snapshots o f processes in shallow groundwater and surface soils. 
With increased understanding o f controls on variability in N20  fluxes, particularly 
controls on production processes in high flux environments, better management o f 
tropical soils will help mitigate the increase in N20  fluxes that has been observed 
globally.
7
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Site Description
This project was conducted in the Luquillo Experimental Forest (LEF), in 
northeastern Puerto Rico, owned and administered by the United States Forest Service. 
The forest has been described in detail elsewhere (Odum and Pigeon 1970; Brown et al. 
1983; Scatena 1989). Rainfall averages from 373 to 645 cm per year and temperatures 
range from 19.3 to 22.7° C.
Four different forest ecosystems are found in the LEF. The Tabonuco forest type 
is found at elevations below 600 m and comprises 70% o f the forest These systems, 
found in low lying, well-protected areas with well-drained soils, are the dominant forest 
type. Seventeen percent o f the forest is o f the Colorado type, found in the 600-750 m 
elevation band. The lower elevational limits o f this class of vegetation coincide with the 
average cloud condensation level. Palm forests are found between Colorado forest and 
the high elevation forest Steep slopes, poor drainage, and saturated soils characterize the 
sites that are Palm-dominated, which makes up 11% of the LEF. At elevations greater 
than 750 m, dwarf forest in the main vegetation type. This forest of small stature 
accounts for 2% of the forest has soils that accumulate large quantities o f organic matter, 
and is waterlogged for much o f the year.
The Rio Icacos basin has developed in plutonic rocks of the Upper Cretaceous and 
Eocene. In this basin, the bedrock is a quartz-diorite that weathers to great depths to form 
saprolite. Soils of the Picacho Series develop from the highly weathered saprolite and
8
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are classified as Inceptisols that are oxic Humitropepts (Beinroth 1982). A subbasin o f 
this watershed has been monitored for groundwater chemistry since 1988 and was used as 
the intensive site for this study (McDowell et al. 1992). On this watershed, the forest is 
o f the Colorado type with Palo Colorado (Cyrilla racemiflora) dominating the slopes and 
Sierra palm (Prestoea montana) the flood plains.
Land use history in the Rio Icacos basin has not been documented formally. In 
this portion of the forest land use has been m i n i m a l . Clearcutting probably did not occur 
here because of the difficulties o f removing trees from steep slopes with wet soils. Little 
agriculture has occurred in this part of the forest. Charcoal production would have been 
minimal because Colorado trees make low quality product (Scatena, pers. comm.). The 
point o f access for the current site is near a former Civilian Conservation Corps camp. 
This camp housed the people who built the H am  on the main stem o f the river and the 
road (PR 191) during the 1940's. The H am  is down gradient o f the study site and has been 
in operation since 1945. Buildings no longer exist at this site. In 1971, a landslide closed 
down PR 191 3/4 mile past the point on the road used to access the current well field. 
Since then, the only other users o f the road beyond the cutoff for Mount Britton have 
been those involved in protection of the Puerto Rican parrot, the USGS who maintains 
gauging stations on the main stem and some tributaries o f  the Rio Icacos, utilities that 
maintain electrical lines, and researchers.
9
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Objectives
The goal of my dissertation research was to determine controls on spatial and 
temporal variability in fluxes o f nitrous oxide (N20 ) ,  a greenhouse gas that destroys 
stratospheric ozone. There were three components that contributed to this goal. The first 
component determined spatial patterns in surface NzO flux in three similar topographic 
sequences in the Rio Icacos river basin with the same geology, vegetation, and soils. This 
part o f the study also determined whether one topographic sequence was representative of 
others that were similar. In the second component, soil N 20  concentrations, which 
generate the surface fluxes measured in the first component, and the distributions o f 
known chemical controllers of N 20  production in the soil were measured to determine 
whether they were related. Finally, in the third component, soil N20 , N20  surface fluxes, 
and chemical controller concentrations were monitored over the course of storm events to 
determine whether N20  fluxes change over the course o f storm events and whether 
changes in chemical controller concentrations explain short-term N20  dynamics.
10
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CHAPTER n
SPATIAL VARIABILITY IN SURFACE NITROUS OXIDE FLUXES AND SOIL 
REDOX STATUS ACROSS TROPICAL RAINFOREST CATENAS IN PUERTO
RICO
Abstract
Fluxes of nitrous oxide (NzO), an important greenhouse gas, are spatially variable. In 
order to constrain global budgets, variability in N20  fluxes must be quantified. The 
objective o f this study was to quantify spatial variability in surface N20  fluxes across 
three similar catenas in a rainforest watershed in the Luquillo Experimental Forest in 
Puerto Rico. Surface N20  fluxes were measured across the three catenas six times and 
the chemistry o f soils next to each chamber used for gas flux measurement was analyzed. 
Patterns in surface N20  flux across the three catenas were stable through time, although, 
magnitudes varied over the course o f the study. The three sequences had similar flux 
rates in aerobic, slope environments and the streambank, but they differed in 
environments that were less aerobic to anaerobic, which were the riparian environments. 
The greatest fluxes in two of the sites and lowest fluxes in the third site occurred at the 
slope-riparian break and the riparian zone. There was an inverse relationship between 
surface NzO flux and available manganese (Mn) in soils. Available soil Mn
IS
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concentrations may be an indicator o f the presence/absence o f N20  fluxes for this river 
basin. Spatial patterns in N20  flux were not repeatable in the three catenas 
studied, therefore, examination of landscape level controls on NzO flux will be critical in 
order to make estimates for the entire river basin.
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Introduction
Calculation o f global trace gas budgets is difficult due to temporal and spatial 
variability in the soil microbial processes that produce these atmospheric constituents 
(Parkin et al. 1987; Christensen et al. 1990). In spite o f these uncertainties, the 
controlling factors for production and consumption o f nitrous oxide (NzO), a greenhouse 
gas involved in the destruction o f stratospheric ozone, are well understood at the 
biochemical level (Williams et al. 1992; Hutchinson and Davidson 1993). Nitrous oxide 
is produced and consumed during the process o f denitrification, which requires nitrate 
(NO3"), little or no oxygen (O2), an organic carbon (C) source, and a microbial 
population with this metabolic capability. The process o f nitrification also produces N20 , 
with ammonium (N H /), 0 2, and a nitrifying microbial population as requirements 
(Williams et al. 1992; Hutchinson and Davidson 1993; Conrad 1995a, b). Current 
understanding of microbial processes and knowledge o f chemical and physical conditions 
in different soils should allow better prediction o f where N20  will be produced on the 
landscape.
Evidence exists for predictability o f trace gas fluxes along soil catenas. Soil 
catenas consist o f multiple biogeochemical environments situated along a topographic 
gradient. The highest denitrification rates are often found in poorly drained soils, located 
at the base o f slopes (Davidson and Swank 1986; Cooper 1990; Ambus and Lowrance 
1991; Haycock and Pinay 1993; Schipper 1993). Texture and drainage together predict
17
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where denitrification occurs at sites in Michigan, with finer textured and poorly drained 
soils being the greatest producers o f N20  (Groffinan and Tiedje 1989,1991). The highest 
N20  fluxes are found at topographic breaks in the landscape in a riparian catena in Puerto 
Rico (Bowden et al. 1992). Riparian soils should be significant producers o f N20  
because N 0 3\  organic C, and water from upslope systems, particularly in agricultural 
areas, are focused at one point on the landscape, making denitrification possible. 
However, not all riparian soils are significant producers o f N20  (Cooper 1990; Schipper 
e ta l. 1993).
Based on previous studies, low N20  fluxes would be expected from oxic, upslope 
environments and higher N20  fluxes from less oxic, riparian environments. Production 
o f N2 rather than N20  would be expected in anaerobic soils. If NzO fluxes are predictable 
by topographic position, then patterns should be reproducible across similar topographic 
sequences. The objective o f this study was to determine the repeatability o f spatial 
patterns in N20  fluxes across similar topographic sequences in the same river basin.
Three soil catenas were chosen that developed in the same lithology and that have similar 
vegetation. Often, studies focus on denitrification as a  means of removal o f 
anthropogenic N from groundwater before it enters waterways. In this case, a natural 
system that is relatively unimpacted by anthropogenic N additions was used in order to 
better understand the mechanisms of N20  production.
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Methods and Materials
Site description
This project was conducted in the Rio Icacos basin o f the Luquillo Experimental 
Forest, in northeastern Puerto Rico. The Experimental Forest has been described in detail 
(Brown et al. 1983). Forests in the Rio Icacos basin have been classified as the Colorado 
type, with Palo Colorado (Cyrilla racemiflora) dominant on slopes and Sierra palm 
(Prestoea montana) on the floodplains. Soils o f the Picacho series have developed from 
quartz-diorite parent material (Beinroth 1982). Annual precipitation ranges from 373 to 
645 cm per year near the study site at the La Mina station (716 m) and temperatures range 
from 19.3 to 22.70 C.
Three similar topographic sequences were chosen in the low-gradient reaches of
the Rio Icacos basin. One o f these sites has been monitored for groundwater chemistry
since 1988 and has been characterized previously for surface fluxes o f NzO (McDowell et
al. 1992; Bowden et al. 1992). From the upland, a slope flattens into a well-developed
riparian shelf, which drops steeply into a tributary o f the Rio Icacos. Due to the highly
conductive nature o f the soils, a distinct zonation has developed in the riparian zone. The
upper soils are red oxic clays with subangular blocky structure. Mid-level soils are
mottled red and gray clays. At the deepest levels the soils are black, due to anaerobic
conditions. Surface flux chambers were stratified according to environment to allow
more accurate estimates o f trace gas production for this ecosystem. Six chambers were
installed in each o f the environments studied by Bowden et al. (1992), which were ridge
(RDG), ridge-slope break (SRD), slope (SLP), slope-riparian break (SRI), riparian zone
(RIP), and streambank (SBK) (Figure 2-1). A four-meter by 20-meter grid was laid out in
19
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each o f the environments and random numbers were chosen for the x and y coordinates 
required to place each chamber. The three sites were sampled in random order at six 
different times between July 1995 and February 1996 over a range o f moisture 
conditions.
Gas sampling and analysis
Flux chambers were similar to those described by Hutchinson and Mosier (1981). 
Bases for chambers were 10 cm sections of 25-cm diameter PVC pipe, bevelled at one 
end for insertion into the soil. Covers were the caps for this size PVC pipe with latex 
skirts to provide a seal with the base and fitted with sampling and equilibration ports. 
Nylon syringes (SESI, VWR Scientific) with three-way stopcocks were used for gas 
sampling. Fluxes were determined by placing the covers on the bases, securing the skirts 
with elasticized fabric, and withdrawing headspace samples with the syringes at 0, 10, 20, 
and 30 minutes. If the increase in N20  concentration was not linear over the period o f 
determination due to back-diffusion of N20  into the soil, the equation described by 
Hutchinson and Mosier (1981) was used to determine the flux rate using the first three 
sampling points.
Analysis of gas concentrations followed the methods of Keller and Reiners (1994) 
as modified by Veldkamp and Keller (1997). Gas chromatography was used to analyze 
N20  and CH4 with electron capture and flame ionization detectors, respectively. The 
system for the gas chromatographic analysis of NzO with a 12-port valve was described in 
detail in Butler et al. (1989). Standards for N20  analyses were traceable to standards 
calibrated by the NOAA Climate and Monitoring Diagnostics Laboratory. The minimum 
detectable flux was 0.5 ng N20-N/cm2/hr for NzO and 0.5 mg CH4/m2/day for CH4..
20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Soil and soil water characterization
I determined the average depth o f the oxic zone for the three catenas in the slope- 
riparian break, riparian zone, and streambank environments using a  steel rod oxidation 
technique (Camell and Anderson 1986; Bridgham et al. 1991; Hodge and Knott 1993). A 
steel rod was inserted next to each o f the chambers used for the surface flux survey in the 
three environments most influenced by the water table. Six months later the rods were 
withdrawn horn the soil, rinsed in the stream to remove any adhering soil, and the 
distance from the soil surface to the bottom o f the well developed red rust zone was 
measured.
Soils were sampled across all three catenas to determine redox status, total N, and 
total C content Sampling and analysis followed the procedures o f Silver et al. (1994), 
with some exceptions. Soil core samples were taken next to each o f the chambers used in 
the surface flux survey at depths o f 0-10 cm, 10-25 cm, and 25-50 cm, resulting in 18 
cores per environment for each site. Soils were air dried and then transported to the 
International Institute of Tropical Forestry, Rio Piedras PR, for analysis. They were 
ground in a Wiley mill to pass a 2 mm sieve.
Soils were analyzed for total C, total N, available manganese (Mn), and iron (Fe). 
Subsamples were dried at 105°C to determine moisture content Total C and N were 
determined on a CNS analyzer that combusts samples at 1300°C (LECO Corporation, S t 
Joseph MI). Samples examined for Fe and Mn were extracted with a  modified Olsen’s 
solution (NH/-EDTA-NaHC03) and the extracts were analyzed using plasma emission 
spectrometry (Beckman Spectra Span V) (Hunter 1974).
21
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Soil water was collected in She 1 to determine the concentrations o f the known 
substrates for nitrification and denitrification. A single tension lysimeter constructed of 
quartz and teflon (Super Quartz, Prenart Equipment ApS, Frederiksberg, Denmark) was 
installed at depths o f 15,55, and 125 cm in oxic, upslope environments (RDG, SRD, 
SLP) and at depths o f 15,95, 135,155 cm in anoxic, riparian environments (SRI, RIP, 
SBK). A vacuum (620 mm Hg) was placed on the lysimeters the day before sampling. 
On the day of sampling, water was drawn from the lysimeter bottle with a clean plastic 
syringe fitted with a  cannula, filtered to 0.2 pm (Sterile Acrodisc, Polysulfone, Gelman 
Sciences) into an autosampler vial for ion chromatography, and sealed. Another sample 
was drawn, filtered through a combusted glass microfiber filter (Whatman GF/F, 500°C 
for 6 hours, retention to 0.7 pm) into a 60 mL acid-washed HDPE plastic bottle, and 
sealed for dissolved organic carbon (DOC) analyses. Upon return to the field station, the 
samples for ion chromatography were refrigerated (hold time six months) and the DOC 
samples were frozen until the time o f analysis at the University of New Hampshire. 
Nitrate was analyzed with an ion chromatograph (W aters Division of Millipore Corp., 
Milford MA, 510 Pump, 712 WISP, 431 Conductivity Detector) fitted with a Dionex 
(Sunnyvale CA) column (IonPak AG4A 4mm) and suppression unit (Anion Self 
Regenerating Suppressor ASRS-14 mm). Dissolved organic carbon was determined 
with a Shimadzu TOC 5000 high temperature combustion instrument (680° C, platinum 
catalyst, Shimadzu Scientific Instruments Inc., Columbia MD). The detection limit for 
N 03‘ was 3 pg N/L and that for DOC was 0.1 mg C/L. Soil water was sampled on six 
occasions.
22
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Statistics
Data were analyzed using ANOVA (SYSTAT 7.0). All parameters (NzO flux, 
depth o f the oxic zone, total soil C, total soil N, available Fe, and available Mn) were log 
transformed before statistical analysis because none o f them followed the normal 
distribution. Summary statistics are reported as arithmetic means and standard errors.
23
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Results
Spatial variability
Surface N20  fluxes exhibited similar spatial patterns across the three catenas 
studied with some differences in the slope-riparian break and riparian environments. 
Nitrous oxide fluxes were significantly different by survey (p<0.05), site (p<0.05), and by 
environment (p<0.05). Fluxes from the ridge, slope-ridge break, slope, and streambank 
environments were similar and low in all three sites at 1.43 ±  2.01 ng N20-N/cm2/hr 
(mean ± standard deviation; n = 432) (Figure 2-2 a, b, and c). In the slope-riparian break 
and riparian environments, I found variability between the sites, with fluxes that were 
higher in two sites and lower in one site when compared to the fluxes o f the oxic 
environments. For the slope-riparian break and the riparian zone the average flux ranged 
from 0.72 to 14.52 ng N20-N/cm2/hr. Fluxes in the slope-riparian break and riparian zone 
o f the site with the highest fluxes were 20 times fluxes in the site with the lowest fluxes.
Methane fluxes were determined for all o f  the topographic positions along the 
catena. Limited consumption of CH4 occurred at the soil surface in the ridge, slope-ridge 
break, and slope environments in all three sites, while production and consumption 
occurred in the slope-riparian break, riparian zone and streambank (Figure 2-2 d,e, and f). 
The average CH4 uptake for the upslope environments was 0.35 ± 0.26 mg CH4/m2/day 
and for the riparian environments it was 0.16 ± 0.37 mg CH4/m2/day. Relatively small
24
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fluxes o f CH4 from the soil surface occurred at the riparian and streambank positions in 
two of the sites and only in the riparian zone in the third site.
Temporal variability
Magnitudes of N20  fluxes varied over the time period studied in my three sites 
(p<0.05), however, the spatial patterns within each site were relatively consistent (Figure 
2-3). Nitrous oxide fluxes were greatest during the hurricane season o f 1995 when two 
hurricanes came close to the island and tropical waves were frequent (Figure 2-3 b and c). 
Soil parameters
Soil total C, total N, C:N, available Mn, and available Fe were significantly 
different between sites (p<0.05), between environments (p<0.05), and between depths 
(p<0.05), but not all of the parameters were related to N20  flux. Average depth o f the 
oxic zone varied among the three sites, although not significantly, with the greatest NzO 
fluxes found in the site with the deepest oxic zone and the lowest fluxes in the site with 
the shallowest oxic zone (Figure 2-4). Available Mn concentrations were highest in the 
soils of Site 3, where fluxes were low, and lowest in Site 2, where the fluxes were highest 
(Figure 2-5 a). C:N ratios were slightly higher in the slope-riparian break and riparian 
shelf in all three sites compared to the ratios in the other environments, with the most 
dramatic difference in the site that had the highest fluxes (Figure 2-5 b). Soil water N 0 3‘ 
and DOC concentrations increased from the ridge to the slope environments and 
decreased abruptly at the slope-riparian break (Figure 2-6 a&b). When all sites were 
considered, there was no obvious relationship between NzO flux and total C or total N.
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Nitrous oxide fluxes did not occur in soils that had detectable concentrations o f available 
Mn and N20  fluxes did occur in fluxes that had low concentrations o f available Mn 
(Figure 2-7).
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Discussion
The range o f NzO fluxes observed in this study was similar to those found in 
previous studies in this forest type in Puerto Rico. Keller et al. (1986) estimate N20  
fluxes o f0.284 ng N20-N/cm2/hr for another Colorado-Palm forest within the Luquillo 
Experimental Forest during the dry season. One of the three sites used in this study was 
examined previously for N20  fluxes. The range o f fluxes found was similar to Bowden et 
al.’s estimates for high flux environments, however the range was higher than theirs in 
the low flux environments. Bowden et al. (1992) report a range o f -4-30 ng N20 - 
N/cm2/hrfor their high flux environments and < 0.2 ng N20-N/cm2/hr for their low flux 
environments and I found a range o f 0-24 ng N20-N/cm2/hr for the high flux 
environments and 0-13 ng N20-N/cm2/hr for the low flux environments for that site. I 
also found that the slope-riparian break and the riparian zone were the points on the 
landscape that had the highest fluxes, as opposed to slope-ridge break, slope-riparian 
break, and the streambank in their study.
Spatial variability in N20  flux within and between catenas in the Rio Icacos basin 
appears to be most closely linked to differences in redox status in the different 
environments studied within the sites. The topographic positions whose oxidation status 
is most influenced by the water table, the slope-riparian break and the riparian 
environments, had the highest N20  fluxes in two of the three sites and the lowest fluxes in 
the third site. Steel rod oxidation indicated that these three sites may represent a range of
27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
oxidation status, with the shallowest oxic zone associated with the lowest fluxes and the 
deepest oxic zone associated with the highest fluxes (Figure 4). I suspect that in the site 
with the most anaerobic conditions, N2, rather than NzO, was the main biochemical 
product of denitrification (Firestone and Davidson 1989; Bollmann and Conrad 1998).
Data on soil and soil water chemistry lends further support to the suggestion that 
redox status may be a good predictor o f where surface fluxes will occur on the landscape. 
As soil 0 2 concentrations decrease, microbes use alternate electron acceptors, including 
N 03', Mn, Fe, S 042*, and C 02 or acetate. According to thermodynamic principles, Mn4+ 
should be reduced to Mn2+ after the soil is exhausted o f N 0 3 (Ghiorse 1988; Lovley 
1995). Reduction of Mn after complete exhaustion o f N 0 3* has been demonstrated for 
soils that become reduced under controlled conditions (Patrick and Jugsujinda 1992, 
Bergstrom and Beauchamp 1996). Manganese is most available in the Mn2* form 
(Gambrell et al. 1989), therefore, the chemistry o f the soils should reflect the average 
redox status of the different environments. Soil water N 0 3* and particularly DOC 
concentrations are high in the ridge, slope-ridge break and slope environments o f Site 1 
and N20  fluxes are low in those environments, so soil 0 2 concentrations may be too high 
for N20  production. At the slope-riparian breaks in all three sites, increases in soil Mn 
concentrations indicates that this landscape position must be a transition zone for redox 
status. The abrupt decrease in soil water N 03' at the slope-riparian break in Site 1 lends 
further support to this interpretation. When N 03* is available, it would be reduced 
preferentially over Mn4+ to produce N20  and when N 03' concentrations are low, then
28
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Mn4+ would be reduced to its soluble form, Mn2*. This would explain the relationship 
between N20  flux and soil Mn concentrations found in my sites.
Manganese serves as a reasonable indicator of the presence or absence o f N20  
fluxes for several reasons. First, the relationship presented is between average N20  
fluxes determined over a range of hydrologic conditions and a soil chemical parameter 
that should represent average redox conditions. Second, the presence o f available Mn is 
indicative o f general redox status o f the soils and whether N 03' has been depleted (Meek 
et al. 1968; Wallingford et al. 1975; Bergstrom and Beauchamp 1996). Oxygen and N 03‘ 
concentrations are two o f the main controllers on denitrification, the process most likely 
responsible for N zO production. Finally, Mn is not involved in NzO production, so it is 
not transformed. Manganese is the next terminal electron acceptor used when the system 
is depleted o f 0 2 and N 03*, so the presence o f available Mn could serve as an indicator 
that the production o f N20  is not possible in a particular soil (Chapelle et al. 1995).
Understanding o f the biochemical controls on the processes that produce NzO and 
chemical conditions in different soils will allow for better prediction o f where N20  
production will occur if  the range o f concentrations for each controller considered is wide 
enough. The three catenas studied provided a  range of redox states that was large enough 
to exhibit differences in N20  flux within the Rio Icacos basin. Other studies have 
considered two to three landscape positions and found some degree o f predictability in 
N20  production based on redox status (Groffinan and Tiedje 1989, 1991; Reiners and 
Keller 1998). Nitrogen availability, as indicated by N cycling rates, is also predictive o f 
N20  surface fluxes in a range of tropical sites (Matson and Vitousek 1990; Reiners and
29
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Keller 1994; Verchot et al. 1999). Consideration o f enough points along a controller’s 
gradient is important, as well, in order to detect thresholds, or critical concentrations of 
the controller required for a process to begin, end, or change to a different end-product 
This is illustrated by my low flux site, that behaves differently than the other two sites, 
but may actually produce N2 rather than N20  because the soils there are more reduced.
Conclusions
Spatial patterns in N20  flux were not repeatable in the three catenas 
studied. Oxygen status may explain the differences in surface N20  fluxes within and 
between the three catenas studied. Further study will be required to determine the 0 2 
concentration at which NzO production is greatest and when N2 production begins in the 
field. Manganese may serve as a reasonable indicator o f significant N20  surface flux for 
this site. In general, the consideration o f chemical parameters that are not consumed or 
produced in the processes under study but that are closely related in some respect, may be 
more predictive than the actual controls on the process because the environmental 
concentrations o f the actual controls are affected by the process and would not be directly 
related to the rates o f that process. Finally, consideration of a larger range of 
concentrations for a particular controller may be another way to detect predictability in 
processes.
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Figure 2-2. Box plots of surface N2O and CH4 fluxes for the three catenas during one survey. 
Panels a&d=Site 1, b&e=Site 2, c&f=Site 3. One outlier was removed from panel b to make 
comparisons on the same scale. This survey was from 2-8 November 1995. The bars within 
the boxes mark the median and the edges of the box are the first and third quantiles. Asterisks 
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Figure 2-3. Box plots o f surface N2O fluxes for Site 2 during six surveys. One 
outlier was removed from panel b and one from panel c to make comparisons 
on the same scale. Panel a=3-7 July 1995, Panel b= 17-23 September 1995, 
Panel c=2-8 November 1995, Panel d=4-8 December 1995, Panel e=22-26 
January 1996, Panel f=23-28 February 1996. The bar across the box represents 
the median and the edges o f the box die first and third quantiles. Asterisks 
represent outside values and the circles represent far outside values.
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Figure 2-4. Panel a=average N20  flux for the three sites based on the slope- 
riparian break, riparian, and streambank environments. Panel b=average 
depth o f the oxic zone next to the chambers for the three sites based on the 
slope-riparian break, riparian, and streambank environments.
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Figure 2-5. Panel a = available Mn in soils for each o f the three sites. Panel b = C:N for 
soils in each o f the three sites. ^
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Figure 2-6. Panel a = NO3' in soil solution with depth across the six environments. Panel b = DOC in soil solution 
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Figure 2-7. Relationship between N2O flux and available Mn for all surface flux chambers sampled in 
this study. Nitrous oxide flux represents the chamber mean for all six surface flux surveys.
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CHAPTER in
DISTRIBUTION OF NITROUS OXIDE AND REGULATORS OF ITS PRODUCTION 
ACROSS A TROPICAL RAINFOREST CATENA IN THE LUQUILLO 
EXPERIMENTAL FOREST, PUERTO RICO
Abstract
Currently, no universal predictors exist for NzO fluxes to the atmosphere. Potential 
controllers of N20  production include N 0 3\  NH^, DOC, and 0 2. I measured 
concentrations of N20  and the controllers on its production in soil water and soil air in a 
field study in the Rio Icacos basin o f  the Luquillo Experimental Forest, Puerto Rico. 
Nitrous oxide, CH4, and 0 2 were measured in soil air and N 03', NH4\  and DOC were 
measured in soil water. Nitrate and DOC disappeared from soil solution at the slope- 
riparian interface, where soil N20  concentrations increased dramatically. Soil N20  
concentrations continued to increase through the floodplain and the streambank. Nitrous 
oxide concentrations were highest in soil air probes that had intermediate 0 2 
concentrations. There was an inverse relationship between N20  concentrations in 
groundwater and soil air. In the Rio Icacos basin, N20  production and consumption may 
be controlled by 0 2 concentrations. N  processing in the unsaturated and saturated zones 
differs within each topographic position due to differences in redox status.
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Introduction
Global budgets o f nitrous oxide (N20 ) remain unbalanced. Atmospheric 
concentrations o f NzO are increasing at a rate of 0.2-0.3 % per year and the source of the 
increase remains unknown (Bouwman et al. 1995). The controlling factors cited in 
different studies vary, sometimes within the same site, and as a result, no universal 
predictors exist for N20  fluxes to the atmosphere (Hutchinson and Davidson 1993). 
Understanding o f the major controls on the production o f this greenhouse gas, which also 
contributes to the destruction o f stratospheric ozone, is essential in order to design 
mitigation strategies for environments that are major producers and to attain better global 
budgets.
Soils are considered one o f the major sources o f N20  to the atmosphere and tropical 
soils are believed to be the most significant contributors (Matson and Vitousek 1990; 
Bouwman et al. 1993). Most o f the NzO in soils is produced by two microbial processes, 
denitrification and nitrification. Each process is controlled by chemical conditions in the 
environment, including substrate concentrations. Organic compounds and nitrate (N03) 
are the substrates for denitrification and ammonium (NH4*) is the substrate for 
nitrification. Both processes are controlled by oxygen (Oj) concentration, with 
denitrification occurring under anaerobic conditions and nitrification occurring under 
aerobic conditions. Production and movement o f gases are controlled by physical 
aspects of the soil environm ent Delivery of substrates, control of Oz status, and 
diffusion of gases from the site o f production are all controlled by the structure o f the soil 
and water content.
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Typically, studies o f N20  dynamics focus on the relationship between soil surface 
fluxes and total soil nitrogen (N) and carbon (C), extractable mineral N, net 
mineralization and nitrification, and water filled pore space. The ability to predict surface 
N20  fluxes based on soil and site parameters remains poor for several reasons. First, 0 2 
is considered a major control on the processes o f denitrification and nitrification, but it is 
rarely measured in the field in conjunction with studies o f NzO dynamics. Second, 
physical factors control gas movement out o f the soil, so that the relationship between 
substrate concentrations in the soil and the amount o f gas leaving the soil surface is 
complex. Finally, after production in the soil, NzO may be dissolved in water and moved 
from the site o f production (Dowdell et al. 1979; Bowden and Bormann 1986; Ronen et 
al. 1988), further confounding the relationship between controller concentrations in the 
soil and surface fluxes.
In this study, I focus on the relationship between in situ production of N20  and the 
concentrations of controllers on its production in soils. I report soil gas concentrations of 
N20 , methane (CHJ, and 0 2, soil water concentrations o f NOj', NH4\  and dissolved 
organic carbon (DOC), as well as groundwater concentrations of N20  and 0 2 across a 
rainforest catena in the Luquillo mountains o f Puerto Rico. Mineralization and 
nitrification rates at several points along the catena were measured to elucidate the 
patterns seen in soil gas and soil water chemistry.
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Methods and Materials
Site description
This project was conducted at the Luquillo Experimental Forest, in northeastern 
Puerto Rico (Brown et al. 1983) in a subbasin of the Rio Icacos watershed that has been 
monitored for groundwater chemistry since 1988 and characterized for surface N20  flux 
(Bowden et al. 1992; McDowell et al. 1992; Chapter II). The forest growing at this site 
has been classified as the Colorado type, with Palo Colorado (Cyrilla racemiflora) domi­
nant on slopes and Sierra palm (Prestoea montana) on the floodplains. Utuado clay soils 
have developed from quartz-diorite parent material (Beinroth et al. 1982). Rainfall aver­
ages from 373 to 645 cm per year and temperatures range from 19.3 to 22.7° C (Brown et 
al. 1983).
The study site has been described in detail by McDowell et al. (1992). From the 
upland, a slope flattens into a well developed riparian shelf, which drops steeply into a 
tributary o f the Rio Icacos (Figure 3-1). Due to the highly conductive nature o f the soils, 
distinct redox zones have developed with depth in the profile. Slope soils are red oxic 
clays with subangular blocky structure. In the floodplain, surface soils are brown clays, 
mid depth soils are mottled red and gray clays, and the deepest soils are black, due to 
anaerobic conditions as evidenced by the smell of sulfide when deep soils are sampled. 
Specific environments studied represent a  range of redox conditions, including transition
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zones. They were: ridge (RDG), slope-ridge break (SRD), slope (SLP), slope-riparian 
break (SRI), riparian shelf (RIP), and streambank (SBK). For this study, only one of 
three catenas previously characterized for surface N20  and CH* flux was used (Chapter 
II) and it was the same catena studied by Bowden et al. (1992).
Soil gas probe installation and sampling
Soil gases were studied to identify zones o f trace gas accumulation and possible 
zones o f production. Soil gas probes were constructed by first boring a hole with a soil 
corer, taking note o f the different redox zones based on color, and taking subsamples 
from each zone identified. Stainless steel tubing (1/4 inch) was cut to appropriate lengths 
to sample each o f the redox zones found when coring (Crill 1991). Slots were cut into the 
bottom 10 cm o f the stainless steel probe and the tip was flattened with a mallet. The 
probes for each probe nest were placed into holes drilled at the appropriate depths in a 5 
cm i.d. PVC pipe. The exterior of each of these holes was covered with tape to keep the 
probe tip clean until the pipe was fully lowered into the hole. The probes were then 
extruded 20 cm into the soil through their respective holes in the PVC pipe. Arrangement 
of the probes in each nest was radial so that sampling from one probe would not affect the 
soil gas concentrations in an adjacent probe. Three randomly placed probe nests were 
installed in each o f the six environments. One set in each environment had probes placed 
every 10 cm to gain more spatial detail while the remaining two had probes placed at the 
different redox zones described at the time o f coring. As a  result, different depths were 
sampled in each installation. Some probes were lost during the process o f extrusion and
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others filled with sediments, mostly in the riparian shelf. This design, while labor 
intensive, allowed me to sample gases with a minimum o f disturbance to the hydrology o f 
the site.
At the time o f sampling, a  nylon syringe fitted with a  three-way stopcock was 
attached to the upper end o f each stainless steel tube with a  short piece o f silicon tubing. 
Ten mL o f gas were drawn out and expelled to flush the stainless steel tubing and the 
syringe. Then, 20 mL o f gas were drawn and the syringe was sealed. Syringes were 
returned to the laboratory at the International Institute o f Tropical Forestry in Rio Piedras 
and analyzed within 24 hours for N20  and CH4. Sample concentrations were determined 
using gas chromatographic methods similar to Keller and Reiners (1994) as modified by 
Veldkamp and Keller (1997). The valve system used for the analysis o f N20  is described 
in detail by Butler et al. (1989). Standards for N20  analyses were traceable to standards 
that have been calibrated by NOAA Climate and Monitoring Diagnostics Laboratory.
Oxygen (O^ was measured in the field by drawing 40 mL o f gas from each soil 
air probe with a plastic syringe, immediately expelling it into a 2  port manifold with a 
small headspace (< 3 mL) attached to a YSI Model 5 IB 0 2 meter, and taking the reading 
when the meter equilibrated (Silver et al. 1998). Between samples the manifold was 
flushed with 40 mL of air to bring the meter back to 21 % 0 2 reading. Probes were 
sampled six times for N20  and CH4 (three wet and three dry periods) and 0 2 was 
measured three times (dry period).
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Lysimeter installation and sampling
Soil water was collected to determine the concentrations o f the known substrates 
for nitrification and denitrification. A tension lysimeter constructed o f quartz and teflon 
(Super Quartz, Prenart Equipment ApS, Fredriksberg, Denmark) was installed at IS, 55, 
and 125 cm depths in oxic, upslope environments (RDG, SRD, SLP) and at 15,95, 135, 
155 cm depths in anoxic, riparian environments (SRI, RIP, SBK). A vacuum (620 mm 
Hg) was placed on the lysimeters the day before sampling. On the day o f sampling, water 
was drawn from the lysimeter bottle with a clean plastic syringe fitted with a cannula, 
filtered to 0.2 pm (Sterile Acrodisc, Polysulfone, Gelman Sciences), into an autosampler 
vial for ion chromatography, and sealed. Another sample was drawn, filtered through a 
combusted glass microfiber filter (Whatman GF/F, 500°C for 6 hours, retention to 0.7 
pm) into a 60 mL acid-washed HDPE plastic bottle, and sealed for NH4+ and DOC 
analyses. Upon return to the field station the samples for ion chromatography were 
refrigerated and the N H / samples were frozen until the time of analysis (hold time 5 
years, Avanzino and Kennedy 1993) at the University o f New Hampshire. Nitrate was 
analyzed with an ion chromatograph (Water Division of Millipore Corp., Milford MA,
510 Pump, 712 WISP, 431 Conductivity Detector) fitted with a Dionex (Sunnyvale CA) 
column (IonPak AG4A 4mm) and suppression unit (Anion Self Regenerating Suppressor 
ASRS-14mm). Ammonium was determined using the indophenol blue reaction and a 
flow injection system (Lachat Corp., Milwaukee WI). DOC was determined with a 
Shimadzu TOC 5000 high temperature combustion instrument (680° C, platinum
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catalyst, Shimadzu Scientific Instruments Inc., Columbia MD). Detection limits were 3 
pg N/L for NOj', 0.1 mg C/L for DOC, and 0.1 mg N/L for N H /. Soil water was 
sampled six times, on the same days that soil gas samples were taken for N20  and CH4. 
Groundwater chemistry
Concentrations o f N 03' and NH4+ were determined for groundwater samples from 
the streambank. Two transects of piezometers (3.8 cm I.D. PVC) were installed in clus­
ters o f three, each positioned at a different depth (Figure 3-1). Hyporheic piezometers 
had slotted screens while streambank piezometers were screened by drilling a series of 
0.63 cm holes on four sides o f the PVC pipe. Hyporheic piezometers were screened at 
depths of 5-10,15-20, and 25-30 cm below the streambed. Streambank B piezometers 
were screened at depths o f43-55,60-72, and 77-89 cm; C piezometers at 86-98, 103-115, 
and 120-132 cm; D piezometers at 120-132, 137-149, and 154-166 cm below the ground 
surface. These depths were chosen to sample just above, at, and below the estimated 
water table surface. At each sampling, depth to the water table was determined and 
samples were drawn with a peristaltic pump or a 60 mL syringe fitted with tubing. The 
small volumes of these wells did not allow for complete recharge before sampling. 
Samples were pressure filtered to 0.45 pm (Millipore Corporation, HAWP membrane 
filter) at the laboratory and frozen until analysis for NOj' (Waters single column, non­
suppressed ion chromatography, borate-gluconate mobile phase) and NH4+ (indophenol 
blue reaction measured on a Technicon AutoAnalyzer H). Ion chromatography samples 
were filtered to 0.2 pm (Sterile Acrosdisc, Polysulfone, Gelman Sciences) before 
analysis. Groundwater N20  concentrations for slope, slope-riparian break, riparian, and
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streambank environments were determined in a previous study using a dual equilibration 
technique (Bowden et al. 1992).
Nitrogen process studies
Net N mineralization/immobilization and nitrification were determined in slope 
and riparian surface soils, according to the techniques of Steudler et al. (1991), to further 
elucidate patterns seen in soil gases and soil water. Soil cores were taken at 0-2 cm and
2-20 cm depths, split, half was extracted immediately with KC1, and the remaining half 
was placed in a sealed plastic bag and held for incubation at 2S°C in the dark.
Subsamples o f the incubation cores were taken at 14 and 21 days and analyzed for KC1 
extractable N 0 3' and NH4\  Rates o f mineralization, immobilization, and nitrification 
were calculated based on the 14-day incubations. Soil moisture was determined 
gravimetrically and organic matter content by loss on ignition at 500° C. Soils were col­
lected from the slope (2 sites), the riparian (3 sites), and the streambank (2 sites) environ­
ments (Figure 3-1).
Nitrification potential was determined for soils excavated from the streambank, 
the environment where McDowell et al. (1992) proposed coupled 
nitrification/denitrification as the mechanism for N removal before groundwater enters 
the stream. Triplicate samples were removed at 2 depths above the water table (10 and 40 
cm below soil surface), at the water table (60 cm below soil surface), and 2 depths below 
the water table (80 and 90 cm below soil surface) (Figure 3-1). Samples were 
refrigerated until the incubations were initiated. Twenty g o f wet soil were combined 
with 200 mL o f the appropriate treatment in an acid-washed ja r to form a slurry. Treat-
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ments were: 1) deionized water; 2) N H / (0.5 mg/L);3) NH4+ + N-serve (nitrapyrin, nitri­
fication inhibitor at 50 ug/g dry soil). Duplicate jars with each o f the treatment solutions 
(no soil) were also incubated. Jars were covered loosely with lab film during incubation. 
Slurry samples were drawn at 0,41, 66,114, and 138 hours, centrifuged, and syringe fil­
tered (0.2 pm Sterile Acrodisc, Polysulfone, Gelman Sciences) for analysis o f N 0 3' 
(hydrazine reduction) and N H / (indophenol blue) using a Technicon Auto Analyzer II.
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Results
Soil gases
Soil N20  concentrations were low in upslope environments and higher in riparian 
environments. At most points in the profiles, NzO concentrations were above 
atmospheric concentrations (-311 ppbv), even in the relatively oxic ridge, slope-ridge 
break, and slope environments (Figure 3-2). Highest concentrations were found in the 
riparian and streambank environments and concentrations were elevated at some points in 
the slope-ridge break and slope profiles. The maximum concentration in the riparian 
environment occurred at a shallower depth than in the slope-riparian break and 
streambank environments. Soil surface fluxes across this catena were low in the ridge, 
slope-ridge break, slope and streambank environments and higher in the slope-riparian 
break and riparian environments (Chapter II; Figure 3-2). Across the slope, slope- 
riparian break, riparian, and streambank environments groundwater and soil air NzO 
concentrations exhibited an inverse relationship with the most drastic change in 
concentrations occurring in the slope-riparian break groundwater (Figure3-3).
Soil CH4 concentrations were near atmospheric levels (-1.7 ppmv) in oxic, 
upslope environments and highest in anoxic, riparian environments (Figure 3-2). Highest 
concentrations were found in the riparian environment, followed by the streambank. Soil 
N20  increased steadily from ridge to streambank, whereas soil CH, increased moving 
downslope, reached a maximum in the riparian zone, and then decreased in the
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streambank (Figure 3-2). In all depth profiles CH4 maxima occurred at greater depths 
than NzO maxima (Figure 3-2).
Soil 0 2 concentration patterns were as expected, given the coloration o f soils 
previously sampled across this catena (McDowell et al. 1992). Concentrations were near 
atmospheric and did not change much with depth in the ridge, slope-ridge break, and 
slope. Oxygen concentrations were lower and changed more with depth in the slope- 
riparian break, riparian zone, and streambank topographic positions (Figure 3-2). The 
highest N20  concentrations were found in soil air probes that had intermediate 0 2 
concentrations (Figure 3-4).
Soil solution chemistry
Patterns in soil solution chemistry followed those o f oxidation status. Nitrate 
concentrations were highest in oxic, upslope environments (ridge, slope-ridge break and 
slope). At the upper edge of the slope-riparian break, N 03' disappeared and never 
increased in the riparian or streambank environments (Figure 3-5). Ammonium  
concentrations were high at the top o f the ridge, very low throughout the rest o f the 
upslope environments, and increased through the slope-riparian break, riparian zone, 
and streambank. An inverse relationship existed between N 0 3‘ and N H / soil water 
concentrations (Figure 3-6 b). Dissolved organic carbon concentrations were highest in 
the ridge, slope-ridge break, and slope, decreased abruptly in the slope-riparian break, and 
remained low in the riparian zone and the streambank (Figure 3-5). In the riparian 
environments, DOC concentrations increased with depth.
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Groundwater chemistry
The chemistry o f shallow groundwater in the streambank environment changed 
dramatically over a short distance. In contrast to m ineral N concentrations observed in 
wells placed across the entire catena, the relationship between N 03' and NH4+ in 
streambank and hyporheic piezometers was not as tight (Figure 3-6 a). Nitrate 
concentrations increased during high flows in both transects, while NH4+ concentrations 
showed little response to changing hydrologic conditions (Figure 3-7 b&c). Under high 
flow conditions, the point in the transect with the highest N 03* concentration moved 
closer to the stream.
Nitrogen processes
Net m inera liz a tio n  and nitrification rates were highest in aerobic environments. 
The lower of the slope sites, located near a groundwater well with high N 0 3' concentra­
tion, exhibited the highest rate o f N 03‘ production (Figure 3-8). Riparian sites were vari­
able in their behavior, with some producing mineral N and others immobilizing i t  Im­
mobilization rates were highest in the riparian zone. Nitrate was produced in some of the 
riparian soils and in both streambank sites.
Soils from above the water table in the streambank were the only ones capable of 
N 03‘ production in the nitrification potential experiment (Figure 3-9). Soils collected at 
the water table produced mineral N with all treatments (data not shown). Surface soils 
were the only ones that produced N 03\  Water treated surface soils produced a small 
amount of N 03' and NH4+ treated soils generated N 0 3* at the greatest rate. Addition of
ss
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NH4+ and N-serve resulted in a  short period of N 03' production, perhaps due to a delay 
diffusion o f the inhibitor, and then cessation of production (Figure 3-9).
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Discussion
Many studies o f N dynamics across topographic gradients focus on surface N20  
dynamics or changes in groundwater chemistry (Peteijohn and Correll 1984; Davidson 
and Swank 1986; Groffinan and Tiedje 1989; Ambus and Lowrance 1991; Schipper et al. 
1993; McClain et al. 1994; Pinay et al. 1995). Each of these approaches may result in 
different conclusions regarding N processing at a particular topographic position. When 
both o f these approaches are used in the same site, a clearer picture o f controls on N 
processing emerges, particularly regarding N20  production. Patterns in surface fluxes for 
this catena have been addressed in other studies (Bowden et al. 1992; Chapter II). The 
focus of this study is controls on the in situ production of N20  and N processing that 
drive the patterns seen in other studies at this site.
I propose a simple conceptual model to explain the difference between 
groundwater and soil gas behavior as well as differences in N processing across this 
catena in the Rio Icacos basin. I suggest the presence of two systems that work parallel to 
each other, one in the saturated and the other in the unsaturated zone (Figure 3-10). 
Changes in 0 2 status appear to control NzO production and N processing in both zones, 
with the greatest production of N20  occurring at intermediate 0 2 concentrations (Figure
3-4). The principal process producing N20  in these wet soils should be denitrification. 
When conditions are completely anaerobic, the end product of denitrification is N2, which
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would result in less N20  production, and therefore lower concentrations in bulk soil air. 
At near atmospheric 0 2 concentrations, less NzO production should occur because 0 2 is a 
better electron acceptor than N 03', also resulting in lower concentrations in bulk soil air 
(Bollman and Conrad 1998). Under some hydrologic conditions, the unsaturated and 
saturated systems may interact.
Conceptual model applied to patterns seen in the Rio Icacos basin
The upland portion o f this watershed, ridge, slope-ridge break, and slope, was an 
active zone for coupled mineralization and nitrification. Soils were clearly oxic based on 
0 2 concentrations, soil colors, and the fact that groundwater draining the slope 
environment was still relatively oxic (McDowell et al. 1992). Some N20  was produced 
in these upslope soils, either by nitrification or denitrification. Denitrification can occur 
under oxic conditions so I cannot rule it out as a  potential source o f N20  even though the 
bulk soils are oxic (Robertson et al. 1984, 1990; Ottow and Fabig 1985). The steady 
downslope increase o f N 0 3* and N20  may be explained by accumulation o f these soluble 
species as water moves downslope or by increasing rates o f production from the ridge to 
the slope environments. In these environments, there should be a hydrologic connection 
between soil water and groundwater because N 03' concentrations were high at all depths 
in the soil water chemistry profiles and in the groundwater.
Abrupt decreases in soil water N 0 3\  DOC, and 0 2 along with an increase in soil 
N 20  at the slope-riparian break lead me to conclude that denitrification was the m ain 
source o f N 20  at this topographic position. While soil conditions were reduced enough
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for N20  production, groundwater conditions became so reduced that dissolved N20  
disappeared, presumably converted to dinitrogen (Bowden et al. 1992). Other studies 
have shown a disproportionately high denitrification enzyme activity (DEA) for organic 
soils a t slope-floodplain interfaces when compared to organic soils across the entire ri­
parian zone, lending further support for this interpretation (Cooper 1990; Schipper et al. 
1993).
The streambank, a landscape position that is a  transition between a reduced zone 
and an oxidized zone, was an area o f active N processing in both the unsaturated 
and the saturated systems. Surface soils in the streambank had the greatest potential for 
nitrification, but N 03' concentrations were not elevated in the soil water. Nitrification 
probably occurred in situ because soils from above the water table had the potential to 
nitrify and net nitrification occurred in incubated soils from this landscape position.
Most likely, N 03' was immediately denitrified to produce the high N20  concentrations 
seen in this environment. In the groundwater system, NH4+ that was produced in the 
riparian zone was rapidly nitrified as groundwater entered the streambank. Further study 
will be required to determine whether N 03* is converted to N20  in the streambank as seen 
by Hedin et al. (1998) in another site and also proposed by McDowell et al. (1992) for 
this site.
The presence of unsaturated and saturated systems that differ in redox status can 
help explain the increase in shallow streambank groundwater N 03' concentrations and mi­
gration o f the position in the streambank with the highest concentration under high flow 
conditions. There are two possible mechanisms. First, N 03* that was produced in upper
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soil layers under dryer, aerobic conditions, may have been leached downward during 
rainstorms, a product o f the unsaturated system. Second, NH4*-rich waters from the 
anaerobic, saturated system may have been pushed up into the aerobic, nitrifying soils via 
groundwater mounding just before entry into the stream, being oxidized in the process. 
Intensive sampling over the course o f storm events will be required to test these 
hypotheses and to determine whether nitrification and denitrification are tightly coupled.
Inverse relationships between NH4+ and N 03‘ in other riparian sites (Stanford and 
Ward 1988; Ford and Naiman 1989; McDowell et al. 1992; Schipper 1994) have been 
attributed to nitrification of NH4+ in the groundwater, as groundwater passes from anoxic 
to oxic regions. I propose that the inverse relationship between these two species is 
driven by different processes at different points in the landscape, when the entire catena is 
considered. In oxic slope soils, NH4+ is rapidly converted to N 03‘ during nitrification and 
then moved downslope in soil water that enters the groundwater system. At the break be­
tween the slope and the riparian zone, anoxic conditions lead to denitrification o f N 03- 
rich waters that have entered the floodplain as groundwater at the same time that NH4+ 
concentrations begin to build due to decreases in nitrification rates (McDowell et al.
1992). As groundwater traverses the floodplain, NH4+ concentrations increase until the 
water reaches the streambank environment In the streambank, coupled nitrifica­
tion/denitrification control the balance between N 03* and NH4\
Nitrous oxide accumulation in the riparian system
Several mechanisms could explain the accumulation of N20  in the portions of 
the unsaturated system that traverse the slope-riparian break, riparian zone, and
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streambank environments. Flow through the unsaturated system could be so rapid that 
N20  is produced at the slope-riparian break and then transported into the riparian 
environments where it accumulates. More likely, N processing from mineralization to 
nitrification to denitrification occurs in all three environments, most extensively in the 
two environments that undergo major redox transitions, the slope-riparian break and 
streambank. The maximum NzO concentration for the riparian environment sits higher 
in the profile than it does in the slope-riparian break or streambank, as would be 
the case if  0 2 was depleted closer to the surface, suggesting that the N20  maxima 
represent zones o f gas production, not solely zones o f gas accumulation. Mineralization 
and nitrification have been demonstrated for upper soils o f the streambank and there is 
no N 03' in soil water in this zone, so the coupling of nitrification and denitrification, 
proposed by McDowell et al. (1992) remains the most viable hypothesis to explain the 
chemical changes seen, particularly for the unsaturated system.
The streambank environment has the highest soil NzO concentrations o f all the 
landscape positions considered, but has surface fluxes that are as low those in the ridge, 
slope-ridge break, and slope environments (Chapter II and Figure 2). One possible 
explanation would be that the convex structure of the streambank would have more 
surface area and lead to more diffuse fluxes. Another possibility is that clay lenses or 
pockets o f soil water impede movement o f gas out of the soil, generating the high 
concentrations in these soils without correspondingly high surface fluxes. Physical 
controls on movement are as important as the production processes in regulating the flux 
o f N20  to the atmosphere.
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Conclusions
The results o f this study support the hypothesis that redox status controls the N 
species present in soils at different landscape positions along catenas in the Rio Icacos 
basin in Puerto Rico. Oxygen concentrations in soils and groundwater are good 
indicators o f where on the topographic sequence N20  production will occur, with 
environments that are intermediate in 0 2 status having the highest N20  concentrations. 
When the entire catena is considered, disappearance o f DOC and N 0 3" in soil solution 
helps in prediction of sites o f NzO production. For modeling o f some systems, 
consideration of substrate concentrations and redox status as controls on N20  
production should allow good prediction o f surface flux. In other systems, like this 
rainforest, physical factors may control N20  movement out o f the soil profile and 
advection away from sites of production and will have to be considered in addition to the 
chemical controls on in situ production in order to predict N20  fluxes across landscapes.
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Figure 3-1. Location of wells (.)> piezometers (o), lysimeters (*), soil gas probes (a), sampling sites for 
mineralization-nitrification study (y), and location of potential nitrification study (□). Location of ridge, slope-ridge 

















13 26 13 26
500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
CH4 (ppmv)
1a° 0  11 2 2  0 1» aa 0 11 22 0 11 22 0  11 22 0 11 22
F igure 3 -2 . S o il g a s  depth  p ro file s  for  N 2O , C H 4 , and O 2 a cro ss  the catena. H eig h t o f  the  
arrow s at th e  so il su rface  represents th e  average N 2O  flu x  from  ea ch  en v iron m en t determ ined  















RDG SRD SLP SRI RIP SBK 
Environment
Figure 3-3. Panel a = Nitrous oxide concentrations in soil (average over all depths 
sampled in each environment). Panel b = Nitrous oxide concentrations in 
groundwater. Note that N20  concentrations were not measured in groundwater 
for the ridge or ridge-slope break environments. Groundwater N20  data from 
Bowden et al. 1992.
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Figure 3-4. Soil N20  concentration as a function o f 0 2 concentration.
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Figure 3-5. Soil water chemistry profiles for NO3', NH4+, and DOC across the catena. Height of the arrows 















Figure 3-6. Panel a  = Relationship between groundwater NO3" and NH4+. •  = 
groundwater wells that sample slope, slope-riparian break, riparian, and streambank 
and w = piezometers in the streambank. Panel b = Relationship between soil water 
NO3* and NH4+.
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Figure 3-7. Changes in the height of the water table and streambank groundwater 
chemistry under high and low flow conditions. Panel a=water table heights.
Panel b=N03* concentrations. Panel c=NHt+ concentrations. Solid line=ground 
surface. Long dashed line= low flow conditions and short dashed line = high flow
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Figure 3-8. Net mineralization (solid bars) and nitrification (empty bars) for 
surface soils across the slope, riparian, and streambank environments.
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Figure 3-9. Nitrification potential with depth in the streambank. Solid line = 
above the water table. Short dashed line=at the water table. Long dashed line= 
below the water table. Panel a=nitrification with water treatment. Panel b= 
nitrification with ammonium treatment (potential). Panel c=nitrificadon with 
ammonium and inhibitor.
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Figure 3-10. Conceptual model for N processing in the Rio Icacos basin.
Chapter IV
SHORT-TERM TEMPORAL VARIABILITY IN NITROUS OXIDE DYNAMICS IN 
THE RIPARIAN ZONE OF A TROPICAL RAINFOREST ECOSYSTEM
Abstract
Water is an important controller of nitrous oxide production because it both moves 
substrates to sites o f production and controls nitrous oxide movement from these sites. 
The objective o f this study was to monitor changes in soil nitrous oxide concentrations, 
nitrous oxide surface fluxes, and chemical controllers o f production over the course o f 
storm events to determine controls on short-term temporal variability in nitrous oxide 
fluxes. Soil nitrous oxide concentrations were measured at different depths with soil air 
probes and surface nitrous oxide fluxes were measured with static flux chambers. Soil 
water nitrate and dissolved organic carbon were sampled with lysimeters installed at 
different depths. Water table heights were also monitored over the course of the study. 
Storm events did not stimulate fluxes o f nitrous oxide, nor were there any changes in the 
concentration o f soil water nitrate or dissolved organic carbon. Variability in surface 
fluxes and soil solution chemistry during storm events was not different from variability 
during long-term surveys o f these parameters. The flux rates for the slope-riparian break 
in this watershed were higher than most cited for forested systems and many agricultural 
systems before fertilizers are added. This suggests that the riparian zone of this 
watershed is constantly receiving substrates from adjacent landscape positions and that 
redox conditions are favorable for nitrous oxide production most o f the time.
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Introduction
Water moving through an ecosystem affects many aspects o f the production of 
nitrous oxide (N20), a radiatively active trace gas whose reactions destroy stratospheric 
ozone. Movement and availability of dissolved regulators o f N20  production, including 
dissolved organic carbon (DOC), ammonium (N H ^, and nitrate (N 03')> are controlled by 
water. Gases, particularly oxygen (O^), can be made more available to nitrifiers and 
denitrifiers, the microbes that produce N20 , when they are dissolved in rainwater and 
enter the top o f the soil profile. Alter production, N20  can leave the zones o f production 
dissolved in soil water (Dowdell et al. 1979; Bowden and Bormann 1986; Ronen et al. 
1988; Fleischer et al. 1994). Water can make soil NzO less mobile by blocking soil pores, 
which impedes movement away from the site o f production. When dry soils are rewetted 
during storms, increased N20  fluxes are generated by rapid mineralization and subsequent 
nitrification (Hutchinson et al. 1993; Davidson et al. 1993). Because water has both 
positive and negative effects on the production and movement o f N20 , it is difficult to 
predict whether fluxes will increase or decrease with addition o f water to a system.
There is evidence that increases in soil moisture are associated with short-term 
increases in N20  fluxes. High N20  fluxes in a temperate grassland occur only when 
water content is high (>20%), N 03‘ concentrations are high (>5 pg N/g), and temperatures 
fall between 5 and 8 ° C (Ryden 1983). Nitrous oxide fluxes are stimulated
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during rainstorms that occur following fertilization or after irrigation with fertilizer in 
agricultural systems in Hawaii, Puerto Rico, and Costa Rica (Matson et al. 1996; Mosier 
and Delgado 1997; Crill et al. 1999). In a seasonally dry tropical forest, NzO pulses occur 
when soils are wetted during the dry season, but not during the wet season (Davidson et 
al. 1993). Sharp increases in N20  surface flux occur after rainfall during periods o f high 
N availability in different ecosystems.
Landscape positions that are down gradient from areas with high N availability 
should experience N pulses associated with storm events. Riparian zones adjoining 
agricultural areas remove fertilizer N from groundwater before it enters streams or rivers, 
predominantly through denitrification of incoming N 0 3* (Peteijohn and Correll 1984; 
Lowrance et al. 1984; Jacobs and Gilliam 1985; McDowell et al. 1992; McClain et al. 
1994). Riparian zones in tropical and temperate forests remove groundwater N 0 3* that 
has been produced in adjacent aerobic environments (Davidson and Swank 1987; 
McDowell et al. 1992; McClain et al. 1994). Pulsed additions of N and water that occur 
during storm events should stimulate N20  fluxes from organic-rich riparian soils that are 
known to denitrify.
In this study, the slope-riparian break in a tropical rainforest was monitored for 
N20  dynamics over the course o f storm events because this topographic position had the 
highest N20  fluxes in previous studies (Chapter II). Soil N20  and surface NzO fluxes 
were monitored during storms to determine short-term patterns in production and fluxes.
In addition, soil water concentrations o f N 03* and DOC, two o f the regulators o f
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denitrification, were monitored. Soil methane (CHJ concentrations were determined 
indicators o f the redox status of the system. Denitrification potential and controller 
studies were conducted with soil slurries to better understand the regulation of NzO 
production in this landscape position.
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Methods and Materials
Site description
This project was conducted in the Luquillo Experimental Forest, in northeastern 
Puerto Rico, a site that is part o f the LTER network (Brown et al. 1983). A t the elevation 
studied (~ 610 m), the forest is classified as the Colorado type. In these forests, Palo 
Colorado (Cyrilla racemiflora) is the dominant species found on slopes and Sierra palm 
(Prestoea montana) grows on the floodplains. Utuado clay soils have developed from 
quartz-diorite parent material (Beinroth et al. 1982). Rainfall averages from 373 to 645 
cm per year and temperatures range from 19.3 to 22.7° C (Brown et al. 1983). The 
watershed studied is on a tributary o f the Rio Icacos.
My study site has been characterized for surface NzO fluxes and groundwater 
chemistry (Bowden et al. 1992; McDowell et al. 1992; Chapter II). This study focused on 
the slope-riparian break because this is where soil and groundwater enter the riparian 
zone, and previous studies indicated that this was the environment with the highest 
surface N20  fluxes for this catena (Chapter II). The storm study took place in the fall o f 
1996, between 28 October and 15 December, a  period when hurricanes had ceased and 
tropical waves passed over the island frequently.
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Soil gas, surface flux, and soil water sampling and analysis
Soil gases were studied to identify zones o f gas accumulation and possible zones 
o f production. Stainless steel soil air probes, previously described (Chapter III), were 
used to collect soil gases at depths o f20,25,55,95, and 115 cm. At the time o f 
sampling, a nylon syringe fitted with a three-way stopcock was attached to the upper end 
o f each stainless steel gas probe with a short piece o f silicon tubing. Ten mL o f gas were 
drawn out and expelled to flush the stainless steel tubing and the syringe. Then, 20 mL of 
gas were drawn and the syringe was sealed. Syringes were returned to the laboratory at 
the International Institute o f Tropical Forestry in Rio Piedras, and analyzed within 24 
hours for NzO and CH4. Nitrous oxide was analyzed using a gas chromatograph equipped 
with an electron capture detector and CH4 with a flame ionization detector. Methods 
follow those described in Veldkamp and Keller (1997). Butler et al. (1989) have 
described the valve system for the gas chromatographic analysis o f N20  in detail. The 
minimum detectable flux was 0.5 ng N20-N/cm2/hr for NzO and 0.5 mg CH4/m2/day for 
CH4. Standards for N20  analyses were traceable to standards that have been calibrated by 
NOAA Climate and Monitoring Diagnostics Laboratory.
Measurements o f surface NzO fluxes have been previously described (Chapter II). 
Flux chambers were similar to those described by Hutchinson and Mosier (1981). Bases 
for chambers were 10-cm sections o f 25-cm diameter PVC pipe, beveled at one end for 
insertion into the soil. Covers were the caps for this size PVC pipe with latex skirts to 
provide a seal with the base and fitted with sampling and equilibration ports. Nylon
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syringes (SESI, VWR Scientific) with three-way stopcocks were used for gas sampling. 
Fluxes were determined by placing the covers onthe bases, securing the skirts with 
elasticized fabric, and withdrawing headspace samples with the syringes at 0, 10, 20, and 
30 minutes. Before and after each flux determination, depth to the water table was 
determined using a meter tape fitted with a bell sounder. Soil gas concentrations and 
fluxes in two o f the surface chambers were monitored over a dry period that was followed 
by Hurricane Bertha in July 1996.
Soil water was collected to determine the concentrations o f the known substrates 
for denitrification. Tension lysimeters, constructed o f quartz and teflon (Super Quartz, 
Prenart Equipment ApS, Frederiksberg, Denmark), were installed at 15,95, and 115 cm 
in the slope-riparian break environment A vacuum (620 mm Hg) was placed on the 
lysimeters the afternoon before or a few hours previous to sampling . At the time of 
sampling, soil water was drawn from the lysimeter jar with a clean plastic syringe fitted 
with a cannula, filtered to 0.2 pm (Sterile Acrodisk, Polysulfone, Gelman Sciences) into 
an autosampler vial for ion chromatography, and sealed. Another sample was drawn, 
filtered through a  combusted glass microfiber filter (Whatman GF/F, 500°C for 6 hours, 
retention to 0.7 pm) into a 60 mL acid washed HDPE plastic bottle, and sealed for DOC 
analyses. Upon return to the field station, the ion chromatography samples were 
refrigerated (6 month hold time) and the DOC samples were frozen until they were 
analyzed at the University o f New Hampshire. Nitrate was analyzed with an ion 
chromatograph (Water Division of Millipore Corp, Milford MA, 510 Pump, 712 WISP,
431 Conductivity Detector) fitted with a Dionex (Sunnyvale CA) column (IonPak AG4A
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4mm) and suppression unit (Anion Self Regenerating Suppressor ASRS-I4mm). DOC 
was determined with a Shimadzu TOC 5000 high temperature combustion instrument 
(Shimadzu Scientific Instruments Inc., Columbia MD, 680° C, platinum catalyst). The 
detection limit was 3 pg N/L for N 03', 0.1 mg C/L for DOC, and 0.1 mg N/L for NH4*. 
Denitrification potential and controller studies
Studies o f denitrification potential and the effects o f added C and N on N20  
production were conducted to conducted to determine where denitrifying activity 
occurred in the soils and whether C or N controlled the activity. Soils were collected 
with a soil corer from 0-10 cm, 30-40 cm, and 50-60 cm, returned to the lab and 
refrigerated in plastic bags until the time o f analysis. For denitrification potential, 25 g of 
field moist soil were weighed into one-liter mason jars and 100 mL o f treatment solution 
were added. The treatment solution was 1 mM glucose and 1 mM K N 03. The jars were 
then sealed with lids fitted with septa for sampling, evacuated three times with a vacuum  
pump, and refilled each time with N2 or air depending on the treatment. Before the final 
refill, 100 mL acetylene generated from calcium carbide was added to the jars. Glucose 
and N 03 were added alone at the same concentrations as for the potential experiments to 
determine whether organic C or N 03‘ controlled NzO production.
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Results
There were only two storm events studied that generated large changes in the 
level o f the water table (Figure 4-1 c). One of these storms occurred during a rainy 
period and one during a drier period. These two storms resulted in decreases in N20  soil 
concentrations at depths o f 90 and 1 IS cm (Figure 4-2 c&d), but had little effect on soil 
CH, concentrations (Figure 4-3 c&d).
Responses o f surface trace gas fluxes to storm events were not always similar. 
Nitrous oxide fluxes decreased dining storm events that resulted in large fluctuations o f 
the water table (Figure 4-4 c). In most chambers, CH4 uptake was the dominant process 
throughout the study. One chamber, situated very close to the floodplain environment, 
produced CH4 throughout the study period, with the greatest fluxes occurring at the end 
o f the study (Figure 4-4 d). Nitrous oxide fluxes were not stimulated when Hurricane 
Bertha passed over the island, which occurred after a six-day period o f dry weather 
previous to the storm event study (Figure 4-5). For most o f the chambers studied, 
temporal variability in surface fluxes did not differ from temporal variability o f fluxes 
measured during a surface flux survey in the slope-riparian break o f this catena (Chapter 
II, Table 4-1). The two chambers that had significant differences were those that had the 
highest flux rates.
Soil water chemistry did vary during storm events, however, there were no pulses 
o f N 0 3‘ and DOC as might be expected. Soil water N 03' concentrations from depths
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between 10 and 20 cm were highest at the beginning o f the study and declined over time 
(Figure 4-6 c,d,&e). Peaks in N 03' concentration occurred during the two storms that 
raised the water table noticeably. Temporal variability in soil water chemistry for this 
study did not differ from the temporal variability seen during a longer-term survey 
of soil solution chemistry (Table 4-2).
O f all the soil depths assayed for denitrification potential, only surface soils had 
the potential to denitrify. Soils collected from 0-10 cm produced N20  when treated with 
glucose, N 0 3\  acetylene and incubated anaerobically (Figure 4-7). Soils from all other 
depths sampled produced no N20  when incubated under these conditions (Figure 4-8). 
Surface soils incubated with N 03' and glucose under aerobic conditions were also unable 
to produce N20  (Figure 4-8). Some surface soils produced N20  with added glucose, 
some with added N 03*, and others did not respond at all.
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Discussion
Relative to irrigation and post-fertilization storm events in tropical agricultural 
systems I saw little stimulation of N20  fluxes during storm events in the Rio Icacos basin. 
In cane fields in Hawaii, background N20  fluxes were low (<1 ng N20-N/cm2/hr) and the 
mean elevated flux rates after fertilization were less than 30 ng N20-N/cm2/hr, with a few 
fluxes over 100 ng N20-N/cm2/hr (Matson et al. 1996). Fluxes in the Hawaii study 
increased over a 24 hour period and remained elevated for several days. Background 
fluxes in Costa Rica were also low (<2 ng N20-N/cm 2/hr) and increased to ~17 ng N20 - 
N/cmz/hr (Crill et al. 1999).
Several different hypotheses could explain the short-term temporal patterns seen 
in N20  flux. High fluxes may have been missed because the measurements were done 
manually, for some storms within !4 hour of rainfall and others within 24 hours, rather 
than with an automated sampling system. It is also possible that N20  was produced in the 
soil, but that movement upward to the soil surface was impeded by soil water. If  soil 
water content had been high enough to generate anaerobic conditions, N20  would have 
been completely reduced to N2, which would result in small fluxes. Finally, substrate and 
oxygen concentrations may not have changed as drastically as they do in agricultural 
systems, especially since the large fluxes in agricultural systems only occur when there 
are high concentrations o f available N, just after fertilization (Nobre 1994; Crill et al. 
1999).
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The first hypothesis that would explain the patterns seen in N20  fluxes during 
storms is that samples were not taken frequently enough to detect N20  dynamics. During 
at least two o f the events studied, changes were seen in the level o f the water table. In the 
chamber with the highest fluxes, fluxes decreased for one o f the large storms studied and 
increased for the other storm. Hurricane Bertha passed close to the island after a six day 
dry period when I was monitoring fluxes and there was no stimulation of fluxes detected 
within 24 hours o f the large rainfall associated with the storm. If the sampling intensity 
was tight enough to detect changes in the water table at some points during the event 
study, then major pulses in N20  flux should have been detectable as well, since responses 
should occur rapidly upon wetting (Nobre 1994; Crill et al. 1999).
The second hypothesis that would explain my observations is that soil 
water impeded upward movement o f N20  to the soil surface. This hypothesis is unlikely 
because I did not see large increases in soil gas concentrations. Rather, there were 
decreases in soil N20  concentrations associated with the larger storm events, and 
therefore no pulse to be impeded (Figure 4-4).
The third hypothesis that could explain a lack o f stimulation of N20  fluxes, 
is that soil conditions were so anaerobic that N2 was the end product of 
denitrification and not N20 . Anaerobic soil conditions may explain why decreases were 
seen in NzO flux during some events, particularly since redox status appears to be the 
major controller on surface fluxes in this site (Chapter II and III). When soils 
were incubated aerobically, N20  was not produced in soils that produced the gas under
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anaerobic conditions, which further highlights the importance o f 0 2 as a controller on
N20  production (Figure 4-8). Fluxes remained high during this study compared to the
average fluxes in other slope positions determined during surface flux surveys
(Chapter 0). The redox status may be right at the threshold where NzO is
reduced to N2, and when conditions become more anaerobic, fluxes decrease rather than
increase.
The final hypothesis that could explain my observations is that constant delivery 
o f substrates in unsaturated flow to this landscape position generates high fluxes most 
o f the time, and that storms do not change conditions enough to stimulate fluxes. The 
lack o f difference between short- and long-term variabilities in surface N20  fluxes and 
dissolved controller concentrations supports this hypothesis. Soil solution chemistry 
trajectories for the entire study show that N 0 3‘ and DOC concentrations vary differently, 
which may result in higher gas fluxes at times when both N 03‘ and DOC concentrations 
are elevated. Both N 0 3* and DOC disappear at the slope-riparian break, so it would make 
sense that they may trade off as the limiting factors for N20  production (Chapter HI). 
Fluxes in the slope-riparian break of this site are lower than those found in the same 
position in another site in this river basin and the average flux for this site is at the upper 
end of fluxes for wet tropical forests, so this landscape position may make significant 
N20  contributions to the atmosphere (Table 4-3). The fluxes here are also 
higher than the background fluxes reported for tropical agricultural soils (Nobre 1994; 
Matson et al 1996; Crill et al. 1999).
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Conclusions
There was no stimulation of N20  production during storm events at 
the slope-riparian break for this catena in the Rio Icacos river basin. Nitrous oxide fluxes 
were greater than at any other topographic position along the catena and high compared 
to those reported for other forested sites. Short- and long-term variability were not 
significantly different for this topographic position in this catena, so sampling effort 
should not be spent on the short-term changes in flux rates, but rather spatial variability. 
Other positions along the catena, particularly the streambank, may exhibit short-term 
changes in N20  flux due to larger changes in redox status during storm events. While I 
did not observe large changes in N20  flux, the fact that fluxes were elevated over the 
entire period indicate that the slope-riparian break could make significant contributions to 
the global NzO budget, another reason to focus on spatial variability in ecosystem fluxes 
o f this important greenhouse gas.
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Chamber Average Flux 
(ng N20-N/cm2/hr)
f
1 Storm Survey 1.4 
Flux Survey 2.85
3.192 (22,6)
2 Storm Survey 1.84 
Flux Survey 7.94
3.684 (6>23) *
3 Storm Survey 2.75 
Flux Survey 1.88
1-27(6,23)
4 Storm Survey 14.15 
Flux Survey 11.01
11-215 (6^ 3) *
5 Storm Survey 2.57 
Flux Survey 0.81
4.298 (23>6)
6 Storm Survey 0.13 
Flux Survey 4.05
2.013 (22,6)
Table 4-1. Average flux measured during this study and long-term survey (Chapter II) 
for each chamber and results o f f  tests that compare the variances in N20  
fluxes measured at the different time scales. Asterisk indicates chambers for 
which variances were significantly different























Table 4-2.. Average N 03* and DOC concentration measured during this study and a
long-term survey (Chapter HI) for each lysimeter and results o f f  tests that 
compare the variances in N 03' and DOC concentrations measured at the 
different time scales. Asterisk indicates lysimeters for which variances were 
significantly different.
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Location Season N20  flax 
(ng N/cm2/hr)
References
Brazil Wet 4.3 Keller etal. 1983
Wet 2.2 Keller etal. 1986
Brazil Wet 1.9 Matson etal. 1990
Brazil 1.8 Goreau and 
deMellol988
Brazil 0.5 Goreau and de 
Mello 1988
Brazil 2.2 Luizao et al. 1989
Mexico Wet 0.8 V itouseketal 1989
Mexico Wet 1.2 V itouseketal 1989
Mexico Wet 0.7 Vitousek et al 1989
Ecuador 0.8 Keller etal. 1986
Puerto Rico Entire year 0.78-9.53 Erickson et al. 
In review






Table 4-3. Nitrous oxide fluxes in tropical forests.
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Figure 4-1. Rainfall record (a), average N2O flux for six chambers (b), and 
changes in depth to the water table for a riparian well (c) over the course of the 
study (October to December 1996).
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Figure 4-2. Rainfall record (a), average N2O flux for six 
chambers (b), changes in soil N2O concentrations in one 
probe nest at 20 ,90 , and 115 cm (c), and changes in soil 
N2O concentrations in another probe nest a t 25 and 55 cm 
(d) over the course o f the study (October to December 
1996).
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Figure 4-3. Rainfall record (a), average N2O flux for six chambers (b), changes 
in soil CH4 concentrations in one probe nest at 20,90, and 115 cm (c), and 
changes in soil CH4 concentrations in another probe nest at 25 and 55 cm (d) 
over the course o f the study (October to December 1996).
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Figure 4-4. Rainfall record (a), average N2O flux for six 
chambers (b), N2O fluxes for each chamber (c), and C H 4 fluxes 
for each chamber (d) over the course o f the study (October to 
December 1996).
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Figure 4-5. Rainfall record for a short period in July 1996 including the 
passage o f Hurricane Bertha (Panel a) and surface N2O fluxes for the same 
period (Panel b).
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Figure 4-6. Rainfall record (a), average NzO flux for six chambers (b), and soil 
water NOj* and DOC at depths o f0-10,85-95, and 105-115 cm (c, d, & e) over the 
course of the study (October to December 1996). Nitrate = solid line and DOC = 
dashed line.
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Figure 4-7. Effects of NO3* and organic C on N2O  production for two soil cores 
(0-10 cm) from the slope-riparian break, all incubated with N2 headspaces.
Panels a & e = water addition, Panels b & f  = N O 3'  addition, Panels c& e = glucose 
addition, and Panels d & b = NO3'  and glucose addition. Nitrous oxide 
concentrations were not corrected for gas that was dissolved in the slurry.
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Figure 4-8. Effects o f O2 on N2O production at depths o f 0-10 cm (Panel a & d), 
30-40 cm (Panel b & e), and 50-60 cm (Panel c & f. All soils were treated with 
NO3'  and glucose. Soils were incubated under air headspaces (Panels a, b, and 
c) or N2 headspaces (Panels d, e, and f). Nitrous oxide concentrations were not 
corrected for gas that was dissolved in the slurry.
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Appendix A
Surface Flux Survey Data
Survey Site Env Chamber n 2o CH*
3-Jul-95 1 RDG 1
3-Jul-95 1 RDG 2 0.34 -0.3
3-Jul-95 1 RDG 3 0.07 -0.44
3-Jul-95 1 RDG 4 0.35 -0.39
3-Jul-95 1 RDG 5 024 -0.31
3-Jul-95 1 RDG 6 0.13 -0.17
17-Sep-95 1 RDG 1
17-Sep-95 1 RDG 2
17-Sep-95 1 RDG 3 0.26 -0.12
17-Sep-95 1 RDG 4 0.53 -0.5
17-Sep-95 1 RDG 5 1.4 0
17-Sep-95 1 RDG 6
6-Nov-95 1 RDG 1 0.18 -0.33
6-Nov-95 1 RDG 2 0.52 -0.22
6-Nov-95 1 RDG 3 0.17 -0.23
6-Nov-95 1 RDG 4 0.36 -0.36
6-Nov-95 1 RDG 5 2.97 -0.2
6-Nov-95 1 RDG 6 0.45 0
8-Dec-95 1 RDG 1 0 -0.2
8-Dec-95 1 RDG 2
8-Dec-95 1 RDG 3
8-Dec-95 1 RDG 4 0.24 -0.36
8-Dec-95 I RDG 5 0.86 -0.45
8-Dec-95 1 RDG 6 0.28 -0.26
22-Jan-96 1 RDG 1 0.16 0
22-Jan-96 1 RDG 2 1.32 -0.4
22-Jan-96 1 RDG 3 0.79 0
22-Jan-96 1 RDG 4 0.36 -0.38
22-Jan-96 1 RDG 5 3.51 -0.25
22-Jan-96 1 RDG 6 0.57 0
28-Feb-96 1 RDG 1 0.29 0
28-Feb-96 1 RDG 2
28-Feb-96 1 RDG 3 0.26 0
28-Feb-96 1 RDG 4 0 -0.49
28-Feb-96 1 RDG 5 0.6 -0.29
28-Feb-96 1 RDG 6 0.57 0
3-Jul-95 1 RIP 1 3.02 -0.18
3-Jul-95 1 RIP 2 0.81 -0.19
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Site Env Chamber n 2o CH4
RIP 3 5.22
RIP 4 0.31 0
RIP 5 1.05 0
RIP 6 0.47 0
RIP 1 0.19 1.05
RIP 2 126 -0.08
RIP 3 0.66
RIP 4 0.39 0
RIP 5 0.42 -0.11
RIP 6 0.47 0
RIP 1 0.17 1.72
RIP 2 7.57 0
RIP 3 0.2 0.53
RIP 4 1.36 0
RIP 5 0 0.3
RIP 6
RIP 1 4.15 0.34
RIP 2 10.2 -0.21
RIP 3 0.35 -0.02
RIP 4 1.81 0
RIP 5 1.6 0.62
RIP 6 3.06 0
RIP 1 2.02 1.59
RIP 2 6.08 0.29
RIP 3 0.5 0.32
RIP 4 0.98 0
RIP 5 0.48 0
RIP 6
RIP 1 5.99 0
RIP 2 5.8 0
RIP 3 0.96 1.1
RIP 4 4.44 0
RIP 5 1.22 0
RIP 6 0.96 0
SBK 1 0.29 -0.64
SBK 2 0.97 -0.68
SBK 3 0.39 -0.4
SBK 4 0.56 0
SBK 5 0.77 -0.73
SBK 6 0.2 -0.2
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Survey Site Env Chamber n 2o CH*
17-Sep-95 1 SBK 4 0.41 0
17-Sep-95 1 SBK 5 0.44 0.3
17-Sep-95 1 SBK 6 0.21 028
6-Nov-95 1 SBK 1 4.5 -0.39
6-Nov-95 1 SBK 2 0.34 0
6-Nov-95 1 SBK 3 0.22 -0.15
6-Nov-95 1 SBK 4 0.62 0
6-Nov-95 1 SBK 5 0.92 0
6-Nov-95 1 SBK 6 0.09 0.15
8-Dec-95 1 SBK 1 0.44 0
8-Dec-95 1 SBK 2 0.51 -0.6
8-Dec-95 I SBK 3 0.36 -0.63
8-Dec-95 1 SBK 4 1.77 -0.66
8-Dec-95 1 SBK 5 0.4 -0.46
8-Dec-95 1 SBK 6 0 -0.87
22-Jan-96 1 SBK 1 0.61 0
22-Jan-96 1 SBK 2 021 -0.31
22-Jan-96 1 SBK 3 0.43 0
22-Jan-96 1 SBK 4 0.57 -0.07
22-Jan-96 1 SBK 5 0.23 -0.39
22-Jan-96 1 SBK 6 0.56 0
28-Feb-96 1 SBK 1 0.23 -0.1
28-Feb-96 1 SBK 2 0.8 0
28-Feb-96 1 SBK 3 1.58 -0.46
28-Feb-96 1 SBK 4 3.48 0
28-Feb-96 I SBK 5 13.4
28-Feb-96 1 SBK 6 0.67 -0.37
3-Jul-95 1 SLP 1 0.68 -0.77
3-Jul-95 1 SLP 2 1.51
3-Jul-95 1 SLP 3 0.53 -0.72
3-M-95 1 SLP 4 0.47 -0.68
3-M-95 1 SLP 5 0.7 -0.66
3-Jul-95 1 SLP 6 0.85 -0.76
17-Sep-95 1 SLP 1 2.76 0
17-Sep-95 1 SLP 2 1.27 -0.06
17-Sep-95 1 SLP 3 1.12 -0.48
17-Sep-95 1 SLP 4 1.99 -0.44
17-Sep-95 1 SLP 5 1.27 -0.29
17-Sep-95 1 SLP 6 1.62 -0.54
6-Nov-95 1 SLP 1 0.64 0
6-Nov-95 1 SLP 2 1.37 -0.05
6-Nov-95 1 SLP 3 1.19 0
6-Nov-95 1 SLP 4
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Survey Site Env Chamber n 2o
6-Nov-95 1 SLP 5 1.93
6-Nov-95 1 SLP 6
8-Dec-95 1 SLP 1 1.01
8-Dec-95 1 SLP 2 1.38
8-Dec-95 1 SLP 3 0.99
8-Dec-95 1 SLP 4 1.45
8-Dec-95 1 SLP 5 1.65
8-Dec-95 1 SLP 6 1.22
22-Jan-96 1 SLP 1 0.91
22-Jan-96 1 SLP 2 1.06
22-Jan-96 1 SLP 3 2.07
22-Jan-96 1 SLP 4 6.79
22-Jan-96 1 SLP 5 3.68
22-Jan-96 1 SLP 6 4.02
28-Feb-96 1 SLP 1 0.6
28-Feb-96 1 SLP 2 1.08
28-Feb-96 1 SLP 3 1.24
28-Feb-96 1 SLP 4 1.93
28-Feb-96 1 SLP 5
28-Feb-96 1 SLP 6 0.85
3-Jul-95 1 SRD 1
3-Jul-95 1 SRD 2 0.94
3-Jul-95 1 SRD 3 0.49
3-Jul-95 1 SRD 4 0.28
3-Jul-95 1 SRD 5 0.37
3-Jul-95 1 SRD 6 0.46
17-Sep-95 1 SRD 1 0.81
17-Sep-95 1 SRD 2 1.93
17-Sep-95 1 SRD 3 2.42
17-Sep-95 1 SRD 4 0.54
17-Sep-95 1 SRD 5 2.18
17-Sep-95 1 SRD 6 2.8
6-Nov-95 1 SRD 1 0.86
6-Nov-95 1 SRD 2 0.91
6-Nov-95 1 SRD 3 2.36
6-Nov-95 1 SRD 4 0.76
6-Nov-95 1 SRD 5 3.06
6-Nov-95 1 SRD 6 2.87
8-Dec-95 1 SRD 1 0.42
8-Dec-95 1 SRD 2 0.96
8-Dec-95 1 SRD 3 1.3
8-Dec-95 1 SRD 4 0.71
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Survey Site Env Chamber n 2o CH*
8-Dec-95 1 SRD 6 1.28 -0.56
22-Jan-96 1 SRD 1 2.13 -0.38
22-Jan-96 1 SRD 2 1.4 -0.46
22-Jan-96 1 SRD 3 2.7 -0.19
22-Jan-96 1 SRD 4 0.63 -0.19
22-Jan-96 1 SRD 5 0.83 -0.3
22-Jan-96 1 SRD 6 2.54 0
28-Feb-96 1 SRD 1 0.69 -0.6
28-Feb-96 1 SRD 2 1.16 -0.79
28-Feb-96 1 SRD 3 1.01 -0.44
28-Feb-96 1 SRD 4
28-Feb-96 1 SRD 5 0.54 -0.32
28-Feb-96 1 SRD 6 1.2 -0.47
3-Jul-95 1 SRI 1 4.12 0
3-Jul-95 1 SRI 2 11.5 -0.16
3-Jul-95 1 SRI 3 0.74 -0.96
3-Jul-95 1 SRI 4 4.08 -0.74
3-Jul-95 1 SRI 5 0.6 -1.09
3-Jul-95 1 SRI 6 1.35 -0.78
17-Sep-95 1 SRI 1 1.94 0
17-Sep-95 1 SRI 2 16 0
17-Sep-95 1 SRI 3 0.89 -0.22
17-Sep-95 1 SRI 4 9.16 -0.54
17-Sep-95 1 SRI 5 0.92
17-Sep-95 1 SRI 6 2.84 -0.5
6-Nov-95 1 SRI 1 1.44 0.13
6-Nov-95 1 SRI 2 12 0
6-Nov-95 1 SRI 3 3.36 -0.5
6-Nov-95 1 SRI 4 11.1 0
6-Nov-95 1 SRI 5 1.01 -0.31
6-Nov-95 1 SRI 6 3.15 0
8-Dec-95 1 SRI 1 2.51 0
8-Dec-95 1 SRI 2 2.18 -0.08
8-Dec-95 1 SRI 3 1.71 -0.29
8-Dec-95 1 SRI 4 5.33 -0.89
8-Dec-95 1 SRI 5 0.58 -0.49
8-Dec-95 1 SRI 6 3.12 0
22-Jan-96 1 SRI 1 3.31 0
22-Jan-96 1 SRI 2 1.53 0
22-Jan-96 1 SRI 3 1.96 -0.35
22-Jan-96 1 SRI 4 12.9 0
22-Jan-96 1 SRI 5 0.76 0
22-Jan-96 1 SRI 6
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Survey Site Env Chamber n 2o c h 4
28-Feb-96 1 SRI I 3.76 -0.49
28-Feb-96 1 SRI 2 4.42 -0.22
28-Feb-96 1 SRI 3 2.63 -1.04
28-Feb-96 1 SRI 4 23.5 -0.59
28-Feb-96 1 SRI 5 1 -0.38
28-Feb-96 1 SRI 6 9.21 -0.4
5-M -95 2 RDG 1 1.47 -0.81
5-M -95 2 RDG 2 1.69 -0.46
5-Jul-95 2 RDG 3 0.34 -0.58
5-Jul-95 2 RDG 4 0.48 -0.59
5-Jul-95 2 RDG 5 0.26 -0.54
5-M -95 2 RDG 6
19-Sep-95 2 RDG 1 2.94 -0.38
19-Sep-95 2 RDG 2 1.43 -0.43
19-Sep-95 2 RDG 3 2.1 -0.21
19-Sep-95 2 RDG 4 1.76
19-Sep-95 2 RDG 5 4.14
19-Sep-95 2 RDG 6 3.58 -0.4
8-Nov-95 2 RDG 1 6.87 0
8-Nov-95 2 RDG 2 1.83 -0.39
8-Nov-95 2 RDG 3 2.1 0
8-Nov-95 2 RDG 4 2.95 -0.24
8-Nov-95 2 RDG 5 5.44 -0.25
8-Nov-95 2 RDG 6 4.13 0
6-Dec-95 2 RDG 1 1.66 -0.49
6-Dec-95 2 RDG 2 1.86 -0.41
6-Dec-95 2 RDG 3 1.2 -0.26
6-Dec-95 2 RDG 4 1.55 0
6-Dec-95 2 RDG 5 1.08 -0.28
6-Dec-95 2 RDG 6 2.08 -0.58
26-Jan-96 2 RDG 1 4.7 -0.16
26-Jan-96 2 RDG 2 1.63 -0.26
26-Jan-96 2 RDG 3 1.13
26-Jan-96 2 RDG 4 1.44 0
26-Jan-96 2 RDG 5 3.48 -0.33
26-Jan-96 2 RDG 6 5.01 -0.27
23-Feb-96 2 RDG 1 1.18 0.92
23-Feb-96 2 RDG 2 0.82 -0.19
23-Feb-96 2 RDG 3 0.89 -0.58
23-Feb-96 2 RDG 4 0.57 -0.22
23-Feb-96 2 RDG 5 0.38 0
23-Feb-96 2 RDG 6 0.7
5-Jul-95 2 RIP 1
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Survey Site Env Chamber N20 CH*
5-M -95 2 RIP 2 2.1 -0.75
5-M -95 2 RIP 3 3.03 -0.9
5-Jul-95 2 RIP 4 4.58 -0.93
5-Jul-95 2 RIP 5 2.68 -0.65
5-Jul-95 2 RIP 6 1.53 -0.38
19-Sep-95 2 RIP 1 5.77
19-Sep-95 2 RIP 2 8.27 -0.46
19-Sep-95 2 RIP 3 21.6 -0.34
19-Sep-95 2 RIP 4 29.9 -0.62
19-Sep-95 2 RIP 5 24.8 -0.44
19-Sep-95 2 RIP 6 14.7 -0.36
8-Nov-95 2 RIP 1 6.14 -0.29
8-Nov-95 2 RIP 2 21.4 -0.57
8-Nov-95 2 RIP 3 46.8 -0.57
8-Nov-95 2 RIP 4 24.5 -0.21
8-Nov-95 2 RIP 5 33.7 -0.4
8-Nov-95 2 RIP 6 12.3 -0.68
6-Dec-95 2 RIP 1 1.8 -0.11
6-Dec-95 2 RIP 2 3.03 -0.77
6-Dec-95 2 RIP 3 2.63 -0.5
6-Dec-95 2 RIP 4 5.58 -0.51
6-Dec-95 2 RIP 5 4.7 0
6-Dec-95 2 RIP 6 2.94 0
26-Jan-96 2 RIP 1 5.4 0
26-Jan-96 2 RIP 2 12.5 -0.3
26-Jan-96 2 RIP 3 18.4 -0.73
26-Jan-96 2 RIP 4 7.75 -0.49
26-Jan-96 2 RIP 5 9.64 -0.12
26-Jan-96 2 RIP 6 2.23 0
23-Feb-96 2 RIP 1 2.9 -0.25
23-Feb-96 2 RIP 2 2.57
23-Feb-96 2 RIP 3 5.37 -0.59
23-Feb-96 2 RIP 4 3.81 -0.5
23-Feb-96 2 RIP 5 5.47 -0.23
23-Feb-96 2 RIP 6 1.3 -0.3
5-Jul-95 2 SBK 1 1.98 0
5-Jul-95 2 SBK 2 0.27 -0.04
5-Jul-95 2 SBK 3 1.32 0.2
5-Jul-95 2 SBK 4 1.16 0
5-Jul-95 2 SBK 5 0.09 -0.18
5-Jul-95 2 SBK 6
19-Sep-95 2 SBK 1 5.05
19-Sep-95 2 SBK 2
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Survey Site Env Chamber NjO CH«
19-Sep-95 2 SBK 3 1.89 0.53
19-Sep-95 2 SBK 4 3.23 -0.11
19-Sep-95 2 SBK 5
19-Sep-95 2 SBK 6
8-Nov-95 2 SBK 1 12.3 -0.55
8-Nov-95 2 SBK 2 1.91 -0.38
8-Nov-95 2 SBK 3 3.3 0.29
8-Nov-95 2 SBK 4 4.67 -0.35
8-Nov-95 2 SBK 5 0.81 -0.09
8-Nov-95 2 SBK 6 0.09 -0.17
6-Dec-95 2 SBK 1 1.7 -0.63
6-Dec-95 2 SBK 2 0.84 -0.23
6-Dec-95 2 SBK 3 1.48 0.25
6-Dec-95 2 SBK 4 0.86 0
6-Dec-95 2 SBK 5 0.18 -0.36
6-Dec-95 2 SBK 6
26-Jan-96 2 SBK 1 2.8 -0.3
26-Jan-96 2 SBK 2 0.66 0
26-Jan-96 2 SBK 3 1.47
26-Jan-96 2 SBK 4 0.43 -0.2
26-Jan-96 2 SBK 5
26-Jan-96 2 SBK 6 0
23-Feb-96 2 SBK 1 3.35 -0.57
23-Feb-96 2 SBK 2 0.7 0
23-Feb-96 2 SBK 3 0.63 0
23-Feb-96 2 SBK 4 0.62 0
23-Feb-96 2 SBK 5 0.45 -0.57
23-Feb-96 2 SBK 6 0 -0.2
5-M -95 2 SLP 1 0.32 -0.17
5-M -95 2 SLP 2 0.16 -0.5
5-Jul-95 2 SLP 3 0.58 -1.25
5-M -95 2 SLP 4 1 -0.53
5-M -95 2 SLP 5 0.62 -0.82
5-M -95 2 SLP 6
19-Sep-95 2 SLP 1 0.29 -0.26
19-Sep-95 2 SLP 2 0.51 -0.52
19-Sep-95 2 SLP 3 0.99 -0.64
19-Sep-95 2 SLP 4 1.05 -0.54
19-Sep-95 2 SLP 5 1.02 -0.56
19-Sep-95 2 SLP 6 0.23 -0.52
8-Nov-95 2 SLP 1
8-Nov-95 2 SLP 2 0.83 -0.52
8-Nov-95 2 SLP 3
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Survey Site Env Chamber n 2o CH<
8-Nov-95 2 SLP 4 0.63 0
8-Nov-95 2 SLP 5 1.83 -0.86
8-Nov-95 2 SLP 6 0.32 -0.37
6-Dec-95 2 SLP 1 0.12 0
6-Dec-95 2 SLP 2 0.7 -0.05
6-Dec-95 2 SLP 3 12 -0.82
6-Dec-95 2 SLP 4 0.68 -0.67
6-Dec-95 2 SLP 5 0.68 -0.59
6-Dec-95 2 SLP 6 0.3 0
26-Jan-96 2 SLP 1 0.33 -0.26
26-Jan-96 2 SLP 2 0.61
26-Jan-96 2 SLP 3 0.78 -0.59
26-Jan-96 2 SLP 4 0.5 -0.4
26-Jan-96 2 SLP 5 0.54 -0.33
26-Jan-96 2 SLP 6 0.24 -0.34
23-Feb-96 2 SLP I
23-Feb-96 2 SLP 2 0.68
23-Feb-96 2 SLP 3 0.87
23-Feb-96 2 SLP 4 0.44
23-Feb-96 2 SLP 5 0.48 -0.38
23-Feb-96 2 SLP 6 0.4
5-Jul-95 2 SRD 1 0.62 -0.58
5-Jui-95 2 SRD 2 7 -0.56
5-M -95 2 SRD 3 0.43 -0.34
5-Jul-95 2 SRD 4 0.6 -0.87
5-Jul-95 2 SRD 5 0.27 -0.39
5-M -95 2 SRD 6 0.46 -0.22
19-Sep-95 2 SRD 1 2.09
19-Sep-95 2 SRD 2 5.41 -0.24
19-Sep-95 2 SRD 3 11.1 -0.4
19-Sep-95 2 SRD 4 1.39 -0.36
19-Sep-95 2 SRD 5 0.72 -0.16
19-Sep-95 2 SRD 6 3.67 0
8-Nov-95 2 SRD 1 5.58 -0.35
8-Nov-95 2 SRD 2 11.5 0
8-Nov-95 2 SRD 3 17.2 -0.4
8-Nov-95 2 SRD 4 2.05 -0.2
8-Nov-95 2 SRD 5 1.48 0
8-Nov-95 2 SRD 6 3.47 0
6-Dec-95 2 SRD 1 3.98 -0.36
6-Dec-95 2 SRD 2 3.16 -0.25
6-Dec-95 2 SRD 3 6.75 -0.57
6-Dec-95 2 SRD 4
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Survey Site Env Chamber N20 CH*
6-Dec-95 2 SRD 5 0.41 -0.2
6-Dec-95 2 SRD 6 0.8 -0.27
26-Jan-96 2 SRD 1 4.31 -0.21
26-Jan-96 2 SRD 2 6.96 0
26-Jan-96 2 SRD 3 7.01 -0 2
26-Jan-96 2 SRD 4 2.23 -0.36
26-Jan-96 2 SRD 5 0.2 -0.2
26-Jan-96 2 SRD 6 0.87 -0.21
23-Feb-96 2 SRD 1 6 -0.58
23-Feb-96 2 SRD 2 2.35 -0.35
23-Feb-96 2 SRD 3 1.55 -0.4
23-Feb-96 2 SRD 4 0.94 0
23-Feb-96 2 SRD 5 0.82 -0.99
23-Feb-96 2 SRD 6 0.62 -0.28
5-JuI-95 2 SRI 1 5.5
5-Jul-95 2 SRI 2 8.48 0.03
5-Jul-95 2 SRI 3 8.59 0
5-Jul-95 2 SRI 4
5-Jul-95 2 SRI 5 7.73 -0.82
5-Jul-95 2 SRI 6 6.21 -0.88
19-Sep-95 2 SRI 1 1.72 0.31
19-Sep-95 2 SRI 2 8.9 0
19-Sep-95 2 SRI 3 6.02
19-Sep-95 2 SRI 4 2.14
19-Sep-95 2 SRI 5 99.8 -0.81
19-Sep-95 2 SRI 6 25.6 -0.27
8-Nov-95 2 SRI 1 0.56 0
8-Nov-95 2 SRI 2 6.57 0.36
8-Nov-95 2 SRI 3 14.9 0
8-Nov-95 2 SRI 4 7.45 0.46
8-Nov-95 2 SRI 5 217 -0.69
8-Nov-95 2 SRI 6 45.6 -0.09
6-Dec-95 2 SRI I 1.78 0
6-Dec-95 2 SRI 2 6.33 0
6-Dec-95 2 SRI 3 9.39 -0.24
6-Dec-95 2 SRI 4 4.76 0
6-Dec-95 2 SRI 5 14.2 -0.58
6-Dec-95 2 SRI 6 11.1 0
26-Jan-96 2 SRI I 2.42 0
26-Jan-96 2 SRI 2 7.93 0
26-Jan-96 2 SRI 3 9.04
26-Jan-96 2 SRI 4 3.16 0
26-Jan-96 2 SRI 5
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Survey Site Env Chamber n 2o c h 4
26-Jan-96 2 SRI 6 14 0
23-Feb-96 2 SRI I 1.66 0.27
23-Feb-96 2 SRI 2
23-Feb-96 2 SRI 3 11.1 0
23-Feb-96 2 SRI 4 6.86 0
23-Feb-96 2 SRI 5 8.42 -0.6
23-Feb-96 2 SRI 6 7.15 -0.48
7-Jul-95 3 RDG 1 6.24 -0.6
7-M-95 3 RDG 2 2.16 -0.41
7-Jul-95 3 RDG 3 0.82 -0.44
7-Jul-95 3 RDG 4 1.25 -0.61
7-Jul-95 3 RDG 5 2.87 -0.36
7-M-95 3 RDG 6 0.31 -0.25
23-Sep-95 3 RDG 1 8.07 -0.99
23-Sep-95 3 RDG 2 1.58 -0.5
23-Sep-95 3 RDG 3 2.13
23-Sep-95 3 RDG 4 0.77 -0.61
23-Sep-95 3 RDG 5 1.14 0
23-Sep-95 3 RDG 6 0.44 -0.7
2-Nov-95 3 RDG 1 3.37 -0.35
2-Nov-95 3 RDG 2 0.65 -0.4
2-Nov-95 3 RDG 3 0.57 0
2-Nov-95 3 RDG 4 1.47 -0.4
2-Nov-95 3 RDG 5 0.9 -0.42
2-Nov-95 3 RDG 6
4-Dec-95 3 RDG 1 10.1 -0.44
4-Dec-95 3 RDG 2 1.67 0
4-Dec-95 3 RDG 3 1.58 -0.51
4-Dec-95 3 RDG 4 1.57 -0.51
4-Dec-95 3 RDG 5 2.46 -0.28
4-Dec-95 3 RDG 6 0.82 0
24-Jan-96 3 RDG 1 2.87 -0.14
24-Jan-96 3 RDG 2
24-Jan-96 3 RDG 3 0.39 -0.38
24-Jan-96 3 RDG 4 0.38 -0.13
24-Jan-96 3 RDG 5 1.97 -0.12
24-Jan-96 3 RDG 6 0.59 -0.11
26-Feb-96 3 RDG 1 0.98 0
26-Feb-96 3 RDG 2 0 -0.23
26-Feb-96 3 RDG 3
26-Feb-96 3 RDG 4 0.39 -0.27
26-Feb-96 3 RDG 5 1.63 0
26-Feb-96 3 RDG 6
114
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Survey Site Env
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7-M -95 3 SBK
7-Jul-95 3 SBK
7-Jul-95 3 SBK
7-M -95 3 SBK
7-Jul-95 3 SBK
7-M -95 3 SBK
23-Sep-95 3 SBK
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Survey Site Env Chamber n 2o CH«
23-Sep-95 3 SBK 2
23-Sep-95 3 SBK 3 0.26 -0.34
23-Sep-95 3 SBK 4 0.24 1.18
23-Sep-95 3 SBK 5
23-Sep-95 3 SBK 6 0.33 0
2-Nov-95 3 SBK 1 0.22 -0.44
2-Nov-95 3 SBK 2 0.25 0
2-Nov-95 3 SBK 3 0.92 0
2-Nov-95 3 SBK 4 0.36 0
2-Nov-95 3 SBK 5 0.47 -0.24
2-Nov-95 3 SBK 6 0.8 -0.39
4-Dec-95 3 SBK 1 0.25 -0.46
4-Dec-95 3 SBK 2 0.4 -0.36
4-Dec-95 3 SBK 3 0.42 -0.58
4-Dec-95 3 SBK 4 0.2 -0.18
4-Dec-95 3 SBK 5 0.16 0.1
4-Dec-95 3 SBK 6 0.4 -0.31
24-Jan-96 3 SBK 1
24-Jan-96 3 SBK 2 0.41 -0.33
24-Jan-96 3 SBK 3 0.13 -0.18
24-Jan-96 3 SBK 4
24-Jan-96 3 SBK 5 0.66 0.04
24-Jan-96 3 SBK 6
26-Feb-96 3 SBK 1 0.36 -0.4
26-Feb-96 3 SBK 2 0.44 -0.42
26-Feb-96 3 SBK 3 0.46 -0.22
26-Feb-96 3 SBK 4 0.5 0
26-Feb-96 3 SBK 5 0 0
26-Feb-96 3 SBK 6 0.32 -0.32
7-JuI-95 3 SLP 1 1 -0.61
7-M-95 3 SLP 2 2.25 -0.54
7-Jul-95 3 SLP 3 0.22 -0.58
7-Jul-95 3 SLP 4 0.13 -0.55
7-M-95 3 SLP 5 0.24 -0.21
7-Jul-95 3 SLP 6 0.18 -0.25
23-Sep-95 3 SLP 1 1.27 -0.55
23-Sep-95 3 SLP 2 3.03 -0.36
23-Sep-95 3 SLP 3
23-Sep-95 3 SLP 4 0.54 -0.46
23-Sep-95 3 SLP 5 0.53 -0.21
23-Sep-95 3 SLP 6 0.2 -0.34
2-Nov-95 3 SLP 1 2.97 -0.6
2-Nov-95 3 SLP 2
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2-Nov-95 3 SLP 3 0.34 0
2-Nov-95 3 SLP 4 0.14 -0.55
2-Nov-95 3 SLP 5 0.31 0
2-Nov-95 3 SLP 6
4-Dec-95 3 SLP 1 3.76 -0.64
4-Dec-95 3 SLP 2 2.05 -0.44
4-Dec-95 3 SLP 3 0.34 -0.3
4-Dec-95 3 SLP 4
4-Dec-95 3 SLP 5 0.56 -0.21
4-Dec-95 3 SLP 6 0 -0.83
24-Jan-96 3 SLP 1 1.12 -0.52
24-Jan-96 3 SLP 2 5.28 -0.28
24-Jan-96 3 SLP 3 0.1 -0.06
24-Jan-96 3 SLP 4 0.35 -0.17
24-Jan-96 3 SLP 5 0.15 -0.17
24-Jan-96 3 SLP 6 0 -0.4
26-Feb-96 3 SLP 1 0.56 0
26-Feb-96 3 SLP 2 0.48 -0.16
26-Feb-96 3 SLP 3 0.31 0
26-Feb-96 3 SLP 4
26-Feb-96 3 SLP 5
26-Feb-96 3 SLP 6
7-Jul-95 3 SRD 1 0.21 -0.53
7-JuI-95 3 SRD 2 0.95 -0.41
7-JuI-95 3 SRD 3 0.11 -0.38
7-Jui-95 3 SRD 4 0.35 -0.39
7-Jul-95 3 SRD 5 0.15 -0.96
7-Jul-95 3 SRD 6 0.21 -0.4
23-Sep-95 3 SRD 1 0.34 -0.4
23-Sep-95 3 SRD 2 2.34 -0.27
23-Sep-95 3 SRD 3 0.33 0
23-Sep-95 3 SRD 4 0.6 -0.5
23-Sep-95 3 SRD 5 1.01 -0.8
23-Sep-95 3 SRD 6
2-Nov-95 3 SRD 1 0.27 -0.37
2-Nov-95 3 SRD 2 2.61 -0.73
2-Nov-95 3 SRD 3
2-Nov-95 3 SRD 4 1.29 -0.73
2-Nov-95 3 SRD 5 2.38 -0.34
2-Nov-95 3 SRD 6
4-Dec-95 3 SRD 1 1.19 -0.6
4-Dec-95 3 SRD 2 1.7 0
4-Dec-95 3 SRD 3
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Survey Site Env Chamber n 2o CH4
24-Jan-96 3 SRI 5
24-Jan-96 3 SRI 6 0.24 -0.14
26-Feb-96 3 SRI 1
26-Feb-96 3 SRI 2 0.24 0
26-Feb-96 3 SRI 3 0.41 -0.31
26-Feb-96 3 SRI 4 1.12 -0.14
26-Feb-96 3 SRI 5 0.22 0
26-Feb-96 3 SRI 6













Chemistry of soils taken near each of the chambers in all three sites (Standard error in parentheses).
Environment Depth Site C N
C:N
LOI Fe Mn
(cm) (%) (%) (%) (mg/g) (mg/kg)
Ridge 0-10 I 7.10(1.01) 0.26 (0.05) 23.67(1.48) 18.77(1.75) 2.87(0.17) 4.81 (1.80)
2 4.78 (0.60) 0.24 (0.02) 20.00(1.23) 11.03 (0.96) 1.70(0.09) 7.18(1.87)
3 3.70 (0.22) 0.18(0.01) 20.08 (0.29) 11.07(0.96) 1.63(0.06) 3.95 (0.37)
Ridge 10-25 1 3.42 (0.50) 0.17(0.02) 19.75 (0.85) 11.12(0.70) 1.96(0.19) 1.30(0.23)
2 3.15(0.33) 0.15(0.02) 21.22(0.19) 8.63 (0.83) 1.45(0.10) 2.45 (0.19)
3 2.07 (0.32) 0.11 (0.01) 19.18(0.74) 7.65 (0.43) 1.21(0.17) 2.03 (0.19)
Ridge 25-50 1 1.29(0.10) 0.08 (0.00) 16.06 (0.79) 9.13(0.37) 0.42 (0.06) 0.73 (0.16)
2 1.11 (0.16) 0.05 (0.01) 20.44 (0.89) 5.65 (0.30) 0.68(0.16) 0.54(0.15)
3 1.13(0.18) 0.07(0.01) 18.31 (1.14) 6.66 (0.44) 0.56(0.13) 1.02(0.15)
Slope-Ridge 0-10 1 4.40 (0.20) 0.22 (0.01) 20.16(0.5) 12.85 (0.34) 2.15(0.04) 4.24 (0.40)
Break 2 3.73 (0.29) 0.19(0.01) 19.94(0.23) 10.36 (0.54) 1.53 (0.16) 5.95(1.72)
3 4.23 (0.56) 0.21 (0.03) 19.94 (0.62) 12.60(1.41) 1.78(0.23) 7.00(1.08)
© Slope-Ridge 10-25 1 3.70(0.28) 0.18(0.01) 20.26 (0.72) 10.24 (0.62) 1.09(0.20) 2.27 (0.25)
Break 2 2.37 (0.23) 0.12(0.01) 19.33 (0.33) 7.15(0.94) 1.13(0.12) 2.55 (0.47)
3 2.18(0.43) 0.12 (0.02) 18.74(0.43) 8.04(1.26) 1.39(0.20) 3.48 (0.75)
Slope-Ridge 25-50 1 1.18(0.12) 0.07 (0.00) 17.66(0.98) 7.30 (0.37) 0.46 (0.02) 0.99(0.13)
Break 2 1.07 (0.04) 0.06 (0.00) 18.87 (0.51) 5.81 (0.31) 0.46 (0.03) 0.48 (0.32)
3 0.99 (0.07) 0.06 (0.00) 17.53 (0.79) 6.55 (0.68) 0.56(0.14) 2.19(0.54)
Slope 0-10 1 6.16(0.55) 0.31 (0.03) 21.09(2.37) 14.00 (0.60) 2.73 (0.16) 3.04 (0.63)
2 3.95 (0.27) 0.20 (0.01) 20.32 (0.33) 11.88 (0.67) 1.29(0.09) 3.70 (0.55)
3 4.13 (0.67) 0.20 (0.03) 20.69(0.79) 10.55(1.08) 1.75 (0.20) 4.09(0.96)
Slope 10-25 1 4.42 (0.28) 0.21 (0.01) 21.46(0.90) 10.57 (0.63) 1.88(0.10) 1.77(0.33)
2 3.43 (0.39) 0.16(0.02) 21.05(0.51) 10.36 (0.56) 1.21 (0.10) 2.47 (0.33)
3 2.73 (0.63) 0.13(0.03) 20.59 (0.71) 7.99 (0.93) 1.64(0.22) 2.28 (0.28)
Slope 25-50 1 1.63 (0.28) 0.07 (0.01) 22.75 (2.06) 6.44 (0.56) 1.03(0.15) 0.97(0.10)
2 1.25(0.05) 0.06 (0.00) 20.46 (0.85) 7.28 (0.47) 0.59 (0.06) 1.72(0.97)

















































10-25 1 3.73 (0.35)
2 1.25(0.12)
3 2.35(0.14)




















































































































































Probe Rep Survey DBG
RDG1A 1 Feb-96 20
RDG1A 1 14-Jun-96 20
RDG1A 1 21-Jun-96 20
RDG1A 1 02-Jul-97 20
RDG1A 1 07-Jul-97 20
RDG1A 1 11-Jul-97 20
RDG1C 1 Feb-96 40
RDG1C 1 14-Jun-96 40
RDG1C 1 21-Jun-96 40
RDG1C 1 02-Jul-97 40
RDG1C 1 07-Jul-97 40
RDG1C 1 11-Jul-97 40
RDG1D 1 Feb-96 50
RDG1D 1 14-Jun-96 50
RDG1D 1 21-Jun-96 50
RDG1D 1 02-Jul-97 50
RDG1D 1 07-Jul-97 50
RDG1D 1 11-Jul-97 50
RDG1E 1 21-Jun-96 60
RDG1E 1 02-Jul-97 60
RDG1E 1 07-Jul-97 60
RDG1E 1 11-Jul-97 60
RDG1G 1 Feb-96 80
RDG1G 1 14-Jun-96 80
RDG1G 1 21-Jun-96 80
RDG1G 1 02-Jul-97 80
RDG1G 1 07-Jul-97 80
RDG1G 1 11-Jul-97 80
RDG2A 2 14-Jun-96 15
RDG2A 2 21-Jun-96 15
RDG2A 2 02-Jul-97 15
RDG2A 2 11-Jul-97 15
RDG2A 2 Feb-96 15
RDG2B 2 14-Jun-96 35
RDG2B 2 21-Jun-96 35
RDG2B 2 07-Jul-97 35
RDG2B 2 11-Jul-97 35
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Probe Rep Survey DBG n 2o CH4
RDG2C 2 14-Jun-96 50 526 1.15
RDG2C 2 21-Jun-96 50 528 1.35
RDG2C 2 02-Jul-97 50 749 1.33
RDG2C 2 07-Jul-97 50 715 0.70
RDG2C 2 11-Jul-97 50 1223 1.04
RDG2C 2 Feb-96 50 604 1.15
RDG2D 2 Feb-96 65 657 1.19
RDG2D 2 14-Jun-96 65 532 1.20
RDG2D 2 21-Jun-96 65 590 1.31
RDG2D 2 02-Jul-97 65 886 1.37
RDG2D 2 07-Jul-97 65 834 0.63
RDG2D 2 11-Jul-97 65 1453 0.92
RDG2E 2 14-Jun-96 100 614 1.19
RDG2E 2 21-Jun-96 100 642 1.32
RDG3A 3 Feb-96 15 1200 0.96
RDG3A 3 14-Jun-96 15 1507 1.09
RDG3A 3 21-Jun-96 15 2025 0.90
RDG3A 3 02-Jul-97 15 452 1.27
RDG3A 3 07-Jul-97 15 375 1.25
RDG3A 3 11-Jul-97 15 353 1.42
RDG3B 3 Feb-96 40 2127 0.83
RDG3B 3 14-Jun-96 40 3184 0.97
RDG3B 3 21-Jun-96 40 3800 0.84
RDG3B 3 02-Jul-97 40 786 1.06
RDG3B 3 07-Jul-97 40 544 0.87
RDG3B 3 11-Jul-97 40 529 1.06
RDG3C 3 Feb-96 55 1483 0.90
RDG3C 3 14-Jun-96 55 2341 1.39
RDG3C 3 21-Jun-96 55 4833 0.80
RDG3C 3 02-Jul-97 55 2128 3.12
RDG3C 3 07-Jul-97 55 2298 0.18
RDG3C 3 11-Jul-97 55 542 1.24
RDG3D 3 14-Jun-96 80 3075 0.48
RDG3D 3 02-Jul-97 80 1791 0.72
RDG3D 3 07-Jul-97 80 534 0.96
RDG3D 3 11-Jul-97 80 2105 0.12
RDG3D 3 Feb-96 80 2338 0.53
RDG3E 3 Feb-96 105 311 1.89
RDG3E 3 21-Jun-96 105 4626 0.42
RDG3E 3 02-Jul-97 105 3028 0.33
RDG3E 3 07-Jul-97 105 2649 1.66
RDG3E 3 11-Jul-97 105 2165 0.45
RIP1A 1 02-Jul-97 15 2011 3.01
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RIP IB 1 02-M-97
RIP IB 1 07-Jul-97
RIP IB 1 11-Jul-97
RIP IB 1 Feb-96
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Probe Rep Survey DBG n 2o CH*
SBK1D 1 Feb-96 40 29333 0.90
SBK1D 1 14-Jun-96 40 33491 0.49
SBK1D 1 21-Jun-96 40 10925
SBK1D 1 02-Jul-97 40
SBK1E 1 14-Jun-96 50 12663 1.37
SBK1E 1 21-Jun-96 50 10538 1.50
SBK1E 1 02-Jul-97 50 17737 0.50
SBK1E I 11-Jul-97 50 2791 0.47
SBK1E 1 Feb-96 50 19334 3.46
SBK1F 1 Feb-96 60 2144 0.96
SBK1F 1 02-Jul-97 60 15724 22.64
SBK1H 1 02-Jul-97 80 21000 57.90
SBK1I 1 Feb-96 90 8415 5.20
SBK1I 1 21-Jun-96 90 17776 7.93
SBK1I 1 02-Jul-97 90
SBK1I 1 07-Jul-97 90 7997 14.80
SBK1I 1 11-Jul-97 90 7110 10.50
SBK1J 1 Feb-96 100 1343 0.92
SBK1J 1 02-Jul-97 100 17820 60.07
SBK2A 2 Feb-96 55 1882 27.11
SBK2A 2 14-Jun-96 55 960 2.96
SBK2A 2 21-Jun-96 55 856 10.27
SBK2A 2 02-Jul-97 55 900 1.02
SBK2A 2 07-Jul-97 55 3812 5.30
SBK2B 2 Feb-96 85 18017 11.97
SBK2B 2 14-Jun-96 85 977 8.24
SBK2B 2 21-Jun-96 85 1456 83.88
SBK2B 2 02-Jul-97 85 5464 17.91
SBK2B 2 11-Jul-97 85 2000 4.32
SBK2D 2 14-Jun-96 120 312 1.86
SBK2D 2 02-Jul-97 120 348 2.52
SBK3A 3 Feb-96 30 627 1.11
SBK3A 3 14-Jun-96 30 481 0.74
SBK3A 3 21-Jun-96 30 1139 1.51
SBK3A 3 02-Jul-97 30
SBK3A 3 07-Jul-97 30 1170 0.70
SBK3B 3 Feb-96 50 651 1.60
SBK3B 3 14-Jun-96 50 336 2.21
SBK3B 3 21-Jun-96 50 315 2.08
SBK3B 3 02-Jul-97 50
SBK3B 3 07-Jul-97 50 2953 0.28
SBK3B 3 11-Jul-97 50 1724 0.50
SBK3C 3 Feb-96 70 335 5.09
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SBK3C 3 21-Jun-96 70 1361 2.49
SBK3C 3 02-Jul-97 70 14318 0.30
SBK3C 3 07-Jul-97 70 6782 0.21
SBK3C 3 11-Jul-97 70 3769 9.89
SBK3D 3 Feb-96 100 4496 382.03
SBK3D 3 02-Jul-97 100 35270 5.41
SBK3D 3 07-Jul-97 100 15790 28.37
SBK3D 3 11-Jul-97 100 12113 7.98
SBK3E 3 21-Jun-96 160 309 1.91
SBK3E 3 11-Jul-97 160 822 0.66
SLP1A 1 Feb-96 20 1130 0.70
SLP1A 1 14-Jun-96 20 2977 0.74
SLP1A 1 21-Jun-96 20 2494 0.65
SLP1A 1 02-Jul-97 20 976 1.40
SLP1A 1 07-Jul-97 20 624 1.12
SLP1A 1 11-Jul-97 20 547 1.07
SLP1B 1 Feb-96 30 970 0.86
SLP1B 1 14-Jun-96 30 2363 0.68
SLP1B 1 21-Jun-96 30 1864 0.61
SLP1B 1 02-Jul-97 30 2102 1.47
SLP1B 1 07-Jul-97 30 567 0.88
SLP1B 1 11-Jul-97 30 599 0.93
SLP 1C 1 Feb-96 40 1334 0.86
SLP1C 1 14-Jun-96 40 3091 0.88
SLP1C 1 21-Jun-96 40 2019 0.90
SLP1C 1 02-Jul-97 40 1929 1.03
SLP1C 1 07-Jul-97 40 3188 0.49
SLP1C I 11-Jul-97 40 855 1.20
SLP1D 1 Feb-96 50 1197 1.27
SLP1D 1 14-Jun-96 50 2684 1.11
SLP1D 1 21-Jun-96 50 1464 1.29
SLP1D 1 02-Jul-97 50 2306 0.92
SLP1D 1 07-Jul-97 50 2320 0.68
SLP ID 1 11-Jul-97 50 997 1.29
SLP1E 1 Feb-96 60 1299 1.30
SLP1E 1 14-Jun-96 60 3004 1.12
SLP1E 1 21-Jun-96 60 1614 1.29
SLP1E 1 02-Jul-97 60 3096 0.54
SLP1E 1 07-Jul-97 60 2464 0.91
SLP1E 1 11-Jul-97 60 1387 1.28
SLP1G 1 Feb-96 80 1692 1.34
SLP1G 1 14-Jun-96 80 3630 0.93
SLP1G 1 21-Jun-96 80 2092 1.20
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SLP1G 1 02-Jul-97 80 729 0.70
SLP1G 1 07-M -97 80 3277 0.48
SLP1G 1 11-Jul-97 80 1893 1.05
SLP1H 1 Feb-96 90 1747 1.24
SLP1H 1 14-Jun-96 90 3733 0.93
SLP1H 1 21-Jun-96 90 2218 1.11
SLP1H 1 02-Jul-97 90 906 0.65
SLP1H 1 07-Jul-97 90 3285 0.55
SLP1H 1 11-Jul-97 90 2018 1.02
SLP1I 1 Feb-96 100 1815 1.19
SLP1I 1 14-Jun-96 100 3831 0.87
SLP1I 1 21-Jun-96 100 2225 1.96
SLP1I 1 02-Jul-97 100 1788 0.76
SLP1I 1 07-Jul-97 100 2480 0.45
SLP1I 1 11-Jul-97 100 2190 0.94
SLP1J 1 Feb-96 110 2348 1.14
SLP1J 1 14-Jun-96 110 4247 0.74
SLP1J 1 21-Jun-96 110 3046 1.03
SLP1J 1 02-Jul-97 110 3492 0.54
SLP1J 1 07-Jul-97 110 3311 0.54
SLP1J 1 11-Jul-97 110 2262 0.94
SLP2A 2 Feb-96 30 3252 0.63
SLP2A 2 14-Jun-96 30 6905 0.70
SLP2A 2 21-Jun-96 30 9297 0.39
SLP2A 2 02-Jul-97 30 1476 0.65
SLP2A 2 07-Jul-97 30 866 0.57
SLP2A 2 11-Jul-97 30 1655 0.68
SLP2B 2 Feb-96 63 2152 1.88
SLP2B 2 14-Jun-96 63 11111 0.49
SLP2B 2 21-Jun-96 63 17055 0.47
SLP2B 2 02-Jul-97 63 5505 0.76
SLP2B 2 07-Jul-97 63 4822 0.08
SLP2C 2 Feb-96 85 1620 9.62
SLP2C 2 02-Jul-97 85 2811 1.66
SLP2C 2 07-Jul-97 85 3724 1.00
SLP2D 2 14-Jun-96 128 659 1.82
SLP3A 3 Feb-96 30 1164 1.21
SLP3A 3 14-Jun-96 30 1292 1.34
SLP3A 3 21-Jun-96 30 2417 1.32
SLP3A 3 02-Jul-97 30 402 1.41
SLP3A 3 07-Jul-97 30 554 0.96
SLP3A 3 11-Jul-97 30 487 0.90
SLP3B 3 Feb-96 50 987 0.73
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SLP3B 3 14-Jun-96 50 1278 0.72
SLP3B 3 21-Jun-96 50 1476 0.78
SLP3B 3 02-Jul-97 50 104 1.49
SLP3B 3 07-Jul-97 50 520 0.85
SLP3B 3 11-Jul-97 50 518 0.95
SLP3C 3 Feb-96 70 1627 1.05
SLP3C 3 14-Jun-96 70 1322 1.02
SLP3C 3 21-Jun-96 70 1843 1.32
SLP3C 3 02-Jul-97 70 515 1.36
SLP3C 3 11-Jul-97 70 616 0.90
SLP3D 3 Feb-96 80 1605 1.16
SLP3D 3 14-Jun-96 80 1298 0.98
SLP3D 3 21-Jun-96 80 1703 1.25
SLP3D 3 02-Jul-97 80 304 1.39
SLP3D 3 07-Jul-97 80 523 1.05
SLP3D 3 11-Jul-97 80 568 0.95
SLP3E 3 Feb-96 105
SLP3E 3 14-Jun-96 105 1351 1.00
SLP3E 3 21-Jun-96 105 1301 7.67
SLP3E 3 02-Jul-97 105 539 1.20
SLP3E 3 07-Jul-97 105 464 0.99
SLP3E 3 11-Jul-97 105 598 0.88
SRD1A 1 Feb-96 20 583 1.67
SRD1A 1 14-Jun-96 20 894 1.61
SRD1A 1 21-Jun-96 20 1883 1.95
SRD1A 1 02-Jul-97 20 514 1.55
SRD1A 1 07-Jul-97 20 352 1.56
SRD1A 1 11-Jul-97 20 448 1.31
SRD1B 1 14-Jun-96 30 1625 1.24
SRD1B 1 21-Jun-96 30 2785 1.08
SRD1B 1 02-Jul-97 30 738 0.90
SRD1B 1 11-Jul-97 30 415 1.56
SRD1B 1 Feb-96 30 1407 0.70
SRD1C 1 Feb-96 40 1432 0.59
SRD1C 1 14-Jun-96 40 1950 1.05
SRD1C 1 21-Jun-96 40 3514 0.90
SRD1C 1 02-Jul-97 40 727 0.78
SRD1C 1 07-Jul-97 40 434 0.99
SRD1C 1 11-Jul-97 40 466 1.02
SRD1D 1 Feb-96 50 1572 0.50
SRD1D 1 14-Jun-96 50 1864 0.85
SRD1D 1 21-Jun-96 50 4233 0.62
SRD1D 1 02-Jul-97 50 580 0.83
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SRD1D 1 07-Jul-97 50 422 0.95
SRD ID 1 ll-JuI-97 50 441 0.96
SRD1E 1 14-Jun-96 60 396 1.95
SRD1E 1 21-Jun-96 60 3311 0.92
SRD1E 1 02-Jul-97 60 1022 0.76
SRD1E 1 07-Jul-97 60 516 0.98
SRD1E 1 11-Jul-97 60 463 1.03
SRD1E 1 Feb-96 60 312 1.93
SRD1F 1 Feb-96 70 6180 0.29
SRD1F 1 14-Jun-96 70 4601 0.51
SRD1F 1 21-Jun-96 70 4957 0.66
SRD1F 1 02-Jul-97 70 2269 0.07
SRD1F 1 07-JuI-97 70 2883 0.24
SRD1F 1 11-Jul-97 70 2217 0.40
SRD1G 1 14-Jun-96 80 1660 1.21
SRD1G 1 21-Jun-96 80 3167 0.88
SRD1G 1 02-Jul-97 80 1128 0.76
SRD1G 1 07-Jul-97 80 349 0.90
SRD1G 1 11-Jul-97 80 1131 0.71
SRD1G 1 Feb-96 80 1415 1.05
SRD1H 1 Feb-96 90 893 5.28
SRD1H 1 14-Jun-96 90 1601 1.24
SRD1H 1 21-Jun-96 90 3175 0.86
SRD1H 1 02-Jul-97 90 1171 0.82
SRD1H 1 07-Jul-97 90 576 0.90
SRD1H 1 11-Jul-97 90 566 0.93
SRD1I 1 Feb-96 100 909 5.21
SRD1I 1 02-Jul-97 100 158 0.75
SRD1I 1 07-Jul-97 100 567 0.98
SRD1I 1 11-Jul-97 100 596 0.96
SRD1J 1 02-Jul-97 110 2816 0.38
SRD1J 1 11-Jul-97 110 504 1.01
SRD2A 2 14-Jun-96 25 2193 0.34
SRD2A 2 21-Jun-96 25 4455 0.33
SRD2A 2 02-Jul-97 25 663 0.54
SRD2A 2 07-Jul-97 25 373 0.76
SRD2A 2 11-Jul-97 25 423 0.74
SRD2A 2 Feb-96 25 1519 0.37
SRD2B 2 14-Jun-96 55 4369 0.59
SRD2B 2 21-Jun-96 55 6560 0.49
SRD2B 2 02-JuI-97 55 870 0.61
SRD2B 2 07-Jul-97 55 496 0.70
SRD2B 2 11-Jul-97 55 578 0.91
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SRD2B 2 Feb-96 55 1829 0.51
SRD2C 2 14-Jun-96 75 2839 0.61
SRD2C 2 21-Jun-96 75 6364 0.52
SRD2C 2 02-Jul-97 75 1067 0.62
SRD2C 2 07-Jul-97 75 462 1.80
SRD2C 2 11-Jul-97 75 607 0.89
SRD2C 2 Feb-96 75 1736 0.88
SRD2D 2 14-Jun-96 95 3910 0.75
SRD2D 2 21-Jun-96 95 5334 0.76
SRD2D 2 02-Jul-97 95 1303 0.64
SRD2D 2 07-Jul-97 95
SRD2D 2 11-Jul-97 95 772 0.59
SRD2D 2 Feb-96 95 1771 0.83
SRD2E 2 14-Jun-96 120 1706 1.67
SRD2E 2 21-Jun-96 120 3680 1.24
SRD2E 2 02-Jul-97 120 937 1.11
SRD2E 2 07-Jul-97 120 878 1.28
SRD2E 2 11-Jul-97 120 756 1.04
SRD2E 2 Feb-96 120 1514 1.08
SRD3A 3 Feb-96 15 2771 0.83
SRD3A 3 14-Jun-96 15 3008 1.06
SRD3A 3 21-Jun-96 15 2421 0.96
SRD3A 3 02-Jul-97 15 1163 1.21
SRD3A 3 07-Jul-97 15 458 1.40
SRD3A 3 11-Jul-97 15 751 1.36
SRD3B 3 Feb-96 35 4667 0.61
SRD3B 3 14-Jun-96 35 6442 0.76
SRD3B 3 21-Jun-96 35 4947 0.60
SRD3B 3 02-Jul-97 35 1785 0.96
SRD3B 3 07-Jul-97 35 675 1.00
SRD3C 3 Feb-96 55 4936 0.82
SRD3C 3 14-Jun-96 55 6820 1.02
SRD3C 3 21-Jun-96 55 5500 0.93
SRD3C 3 02-Jul-97 55 3531 1.06
SRD3C 3 07-Jul-97 55 1719 0.85
SRD3C 3 11-Jul-97 55 954 1.00
SRD3D 3 Feb-96 70 1086 1.69
SRD3D 3 14-Jun-96 70 368 1.90
SRD3D 3 21-Jun-96 70 3610 1.26
SRD3D 3 02-Jul-97 70 1960 1.34
SRD3D 3 07-Jul-97 70 178 1.03
SRD3D 3 11-Jul-97 70 859 1.33
SRD3E 3 14-Jun-96 105 3756 1.33
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SRD3E 3 21-Jun-96 105 4016 1.13
SRD3E 3 02-Jul-97 105 2356 1.31
SRD3E 3 07-Jul-97 105 1739 0.97
SRD3E 3 11-Jul-97 105 1103 1.21
SRD3E 3 Feb-96 105 3148 1.28
SRI1A 1 Feb-96 30 4412 3.12
SRI1A 1 14-Jun-96 30 33567 7.54
SRI1A 1 21-Jun-96 30 7919 7.51
SRI IB 1 Feb-96 40 3546 4.00
SRI1B 1 14-Jun-96 40 42273 14.87
SRI IB 1 21-Jun-96 40 1388 3.21
SRI1C 1 Feb-96 50 332 1.88
SRI1C 1 14-Jun-96 50 1255 20.88
SRI1D 1 Feb-96 60 321 1.90
SRI1E 1 Feb-96 70 593 55.16
SRI1G 1 Feb-96 90 892 3.01
SRI1G 1 14-Jun-96 90 676 8.69
SRI1H 1 14-Jun-96 100 4.31
SRI2A 2 14-Jun-96 20 559 1.23
SRI2A 2 21-Jun-96 20 1312 1.23
SRI2A 2 02-Jul-97 20 72 1.02
SRI2A 2 07-Jul-97 20 673 0.69
SRI2A 2 11-Jul-97 20 764 2.57
SRI2A 2 Feb-96 20 564 0.83
SRI2B 2 14-Jun-96 30 0.94
SRI2B 2 21-Jun-96 30 1641 0.85
SRI2B 2 02-Jul-97 30 465 1.27
SRI2B 2 07-Jul-97 30 408 1.17
SRI2B 2 11-Jul-97 30 790 1.25
SRI2B 2 Feb-96 30 701 0.65
SRI2C 2 14-Jun-96 50 1195 0.57
SRI2C 2 21-Jun-96 50 2452 0.39
SRI2C 2 02-Jul-97 50 422 1.36
SRI2C 2 07-Jul-97 50 388 1.29
SRI2C 2 11-Jul-97 50 764 1.57
SRI2C 2 Feb-96 50 1023 0.37
SRI2D 2 14-Jun-96 90 1913 0.60
SRI2D 2 21-Jun-96 90 3103 0.53
SRI2D 2 02-Jul-97 90 2800 0.76
SRI2D 2 07-Jul-97 90 2719 0.58
SRI2D 2 11-Jul-97 90 1146 1.64
SRI2D 2 Feb-96 90 1943 0.48
SRI2E 2 Feb-96 115 765 1.17
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SRI2E 2 14-Jun-96 115 849 1.28
SRI2E 2 21-Jun-96 115 1719 1.10
SRI2E 2 02-JuI-97 115 1705 0.87
SRI2E 2 07-Jul-97 115 1470 0.79
SRI2E 2 11-Jul-97 115 977 1.91
SRI3A 3 Feb-96 25 15014 1.45
SRI3A 3 14-Jun-96 25 6104 1.64
SRI3A 3 21-Jun-96 25 1572 1.77
SRI3A 3 02-Jul-97 25 481 1.41
SRI3A 3 11-Jul-97 25 717 1.52
SRI3B 3 Feb-96 55 8707 0.98
SRI3B 3 14-Jun-96 55 4833 1.21
SRI3B 3 21-Jun-96 55 2849 1.18
SRI3B 3 02-Jul-97 55 642 222
SRI3B 3 07-Jul-97 55 1224 1.83
SRI3B 3 11-Jul-97 55 2484 89.48
SRI3C 3 Feb-96 85 9607 5.99
SRI3C 3 14-Jun-96 85 859 2.96
SRI3C 3 21-Jun-96 85 320 1.85
SRI3C 3 02-Jul-97 85 1316 3.01
SRI3C 3 07-Jul-97 85 1832 2.31
SRI3C 3 11-Jul-97 85 4003 11.75
SRI3D 3 02-Jul-97 120 282 4.57
SRI3E 3 02-Jul-97 155 290 1.85
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Soil 0 2 Survey
Probe Date o2 DBG
RDG1A 07-Jul-97 19.5 20
RDG1A 21-Jul-97 20.2 20
RDG1A 22-Jul-97 20.4 20
RDG1A 24-Jul-97 20.3 20
RDG1C 07-Jul-97 19.4 40
RDG1C 21-Jul-97 20.1 40
RDG1C 22-Jul-97 20.4 40
RDG1C 24-Jul-97 21.0 40
RDG1D 07-Jul-97 19.4 50
RDG1D 21-Jul-97 20.2 50
RDG1D 22-Jul-97 20.4 50
RDG1D 24-Jul-97 20.0 50
RDG1E 07-Jul-97 19.3 60
RDG1E 21-Jul-97 20.2 60
RDG1E 22-Jul-97 20.4 60
RDG1E 24-Jul-97 20.0 60
RDG1G 07-Jul-97 19.3 80
RDG1G 21-Jul-97 80
RDG1G 22-Jul-97 20.3 80
RDG1G 24-Jul-97 19.7 80
RDG2A 07-Jul-97 19.5 15
RDG2A 21-Jul-97 20.8 15
RDG2A 22-Jul-97 20.7 15
RDG2A 24-Jul-97 20.2 15
RDG2B 07-Jul-97 19.3 35
RDG2B 21-Jul-97 20.8 35
RDG2B 22-Jul-97 20.7 35
RDG2B 24-Jul-97 19.8 35
RDG2C 07-Jul-97 18.9 50
RDG2C 21-Jul-97 20.9 50
RDG2C 22-Jul-97 21.0 50
RDG2C 24-Jul-97 19.8 50
RDG2D 07-Jul-97 18.8 65
RDG2D 21-Jul-97 20.9 65
RDG2D 22-Jul-97 21.0 65
RDG2D 24-Jul-97 19.9 65
RDG2E 07-Jul-97 100
RDG3A 07-Jul-97 19.3 15
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RDG3A 21-Jul-97 20.4 15
RDG3A 22-Jul-97 20.4 15
RDG3A 24-Jul-97 20.7 15
RDG3B 07-Jul-97 19.1 40
RDG3B 21-JuI-97 20.3 40
RDG3B 22-Jul-97 19.9 40
RDG3B 24-Jul-97 20.1 40
RDG3C 07-Jul-97 18.9 55
RDG3C 21-Jul-97 55
RDG3C 22-Jul-97 55
RDG3C 24-Jul-97 17.0 55
RDG3D 07-Jul-97 17.1 80
RDG3D 21-Jul-97 19.1 80
RDG3D 22-Jul-97 19.3 80
RDG3D 24-Jul-97 16.0 80
RDG3E 07-Jul-97 16.9 105
RDG3E 21-Jul-97 17.4 105
RDG3E 22-Jul-97 18.1 105
RDG3E 24-Jul-97 18.7 105
RJP1A 21-Jul-97 19.9 15
RIP1A 22-Jul-97 11.3 15
RIP1A 24-Jul-97 8.9 15
RIP2A 22-Jul-97 5.8 20
RJP2A 24-Jul-97 6.9 20
RIP2B 22-Jul-97 11.3 30
RIP2B 24-Jul-97 12.4 30
RIP3A 07-Jul-97 11.8 25
RIP3A 21-Jul-97 10.3 25
RIP3B 07-Jul-97 6.8 50
RIP3C 07-Jul-97 1.6 75
RIP3D 07-Jul-97 1.2 100





SBK1C 21-Jul-97 14.5 30
SBK1C 22-Jul-97 15.0 30
SBK1C 24-Jul-97 16.4 30
SBK1E 21-Jul-97 12.3 50
SBK1E 22-Jul-97 13.3 50
SBK1E 24-Jul-97 14.3 50
SBK1I 21-Jul-97 6.6 90
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SBK1I 22-Jul-97 7.8 90
SBK1I 24-Jul-97 8.4 90
SBK2A 21-Jul-97 16.2 55
SBK2A 22-Jul-97 17.4 55
SBK2A 24-Jul-97 13.4 55
SBK2B 21-Jul-97 17.6 85
SBK2B 22-Jul-97 14.1 85
SBK2B 24-Jul-97 16.3 85
SBK3D 22-Jul-97 10.7 100
SBK3D 24-Jul-97 12 100
SBK3E 22-Jul-97 17.4 160
SBK3E 24-Jul-97 18.1 160
SLP1A 07-Jul-97 19.1 20
SLP1A 21-Jul-97 18.7 20
SLP1A 22-Jul-97 19.2 20
SLP1B 07-Jul-97 19.1 30
SLP1B 21-Jul-97 18.4 30
SLP1B 22-Jul-97 19.2 30
SLP1C 07-Jul-97 18.9 40
SLP1C 21-Jul-97 16.6 40
SLP1C 22-Jul-97 18.9 40
SLP1D 07-Jul-97 18.8 50
SLP1D 21-Jul-97 16.8 50
SLP1D 22-Jul-97 18.5 50
SLP1E 07-Jul-97 18.6 60
SLP1E 21-Jul-97 16.6 60
SLP1E 22-Jul-97 18.0 60
SLP1G 07-Jul-97 17.5 80
SLP1G 21-Jul-97 16.3 80
SLP1G 22-Jul-97 17.7 80
SLP1H 07-Jul-97 17.7 90
SLP1H 21-Jul-97 16.5 90
SLP1H 22-Jul-97 18.0 90
SLP1I 07-Jul-97 17.4 100
SLP1I 21-Jul-97 16.3 100
SLP1I 22-Jul-97 17.9 100
SLPIJ 07-Jul-97 17.1 110
SLP1J 21-Jul-97 16.2 110
SLPIJ 22-Jul-97 17.8 110
SLP2A 07-Jul-97 18.9 30
SLP2A 21-Jul-97 17.9 30
SLP2A 22-Jul-97 18.1 30
SLP2B 07-Jul-97 17.2 63
135
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Probe Date o2 DBG
SLP2B 21-Jul-97 20.5 63
SLP2B 22-Jul-97 16.6 63
SLP2C 07-Jul-97 18 2 85
SLP2C 21-Jul-97 19.9 85
SLP2C 22-Jul-97 18.4 85
SLP2D 07-Jul-97 128
SLP2D 21-Jul-97 21.1 128
SLP2D 22-Jul-97 128
SLP3A 07-Jul-97 19.0 30
SLP3A 21-Jul-97 19.2 30
SLP3A 22-Jul-97 19.3 30
SLP3A 24-Jul-97 19.6 30
SLP3B 07-Jul-97 18.9 50
SLP3B 21-Jul-97 17.8 50
SLP3B 22-Jul-97 18.6 50
SLP3B 24-Jul-97 18.8 50
SLP3C 07-Jul-97 19.1 70
SLP3C 21-Jul-97 20.4 70
SLP3C 22-Jul-97 20.2 70
SLP3C 24-Jul-97 19.8 70
SLP3D 07-Jul-97 19.2 80
SLP3D 21-Jul-97 20.6 80
SLP3D 22-Jul-97 20.5 80
SLP3D 24-Jul-97 20.1 80
SLP3E 21-Jul-97 20.6 105
SLP3E 22-Jul-97 20.4 105
SLP3E 24-Jul-97 19.6 105
SRD1A 07-Jul-97 19.3 20
SRD1A 21-Jul-97 20.2 20
SRD1A 22-Jul-97 20.0 20
SRD1A 24-Jul-97 20.3 20
SRD1B 07-Jul-97 19.0 30
SRD1B 21-Jul-97 19.5 30
SRD1B 22-Jul-97 19.3 30
SRD1B 24-Jul-97 19.2 30
SRD1C 07-Jul-97 19.2 40
SRD1C 21-Jul-97 19.6 40
SRD1C 22-Jul-97 19.1 40
SRD1C 24-Jul-97 19.2 40
SRD1D 07-Jul-97 18.9 50
SRD1D 21-Jul-97 19.2 50
SRD1D 22-Jul-97 19.3 50
SRD1D 24-Jul-97 19.1 50
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Probe Date o2 DBG
SRD1E 07-M-97 19.3 60
SRD1E 21-Jul-97 19.1 60
SRD1E 22-Jul-97 19.0 60
SRD1E 24-Jul-97 19.2 60
SRD1F 07-Jul-97 18.9 70
SRD1F 21-Jul-97 17.4 70
SRD1F 22-Jul-97 15.0 70
SRD1F 24-Jul-97 15.7 70
SRD1G 07-Jul-97 19.0 80
SRD1G 21-Jul-97 19.2 80
SRD1G 22-Jul-97 19.1 80
SRD1G 24-Jul-97 18.9 80
SRD1G 24-Jul-97 18.2 80
SRD1H 07-Jul-97 18.9 90
SRD1H 21-Jul-97 19.3 90
SRD1H 22-Jul-97 19.0 90
SRD1H 24-Jul-97 19.0 90
SRD1I 07-Jul-97 19.0 100
SRD1I 21-Jul-97 19.3 100
SRD1I 22-Jul-97 19.1 100
SRD1I 24-Jul-97 19.0 100
SRD1J 21-Jul-97 19.2 110
SRD1J 22-Jul-97 18.6 110
SRD2A 07-Jul-97 19.2 25
SRD2A 21-Jul-97 18.5 25
SRD2A 22-Jul-97 18.7 25
SRD2A 24-Jul-97 18.3 25
SRD2B 07-Jul-97 18.9 55
SRD2B 21-Jul-97 18.6 55
SRD2B 22-Jul-97 18.5 55
SRD2B 24-Jul-97 18.0 55
SRD2C 07-Jul-97 18.9 75
SRD2C 21-Jul-97 18.3 75
SRD2C 22-Jul-97 18.7 75
SRD2C 24-Jul-97 20.9 75
SRD2D 07-Jul-97 18.8 95
SRD2D 21-Jul-97 18.5 95
SRD2D 22-Jul-97 18.2 95
SRD2D 24-Jul-97 17.5 95
SRD2E 07-Jul-97 18.9 120
SRD2E 21-Jul-97 16.9 120
SRD2E 22-Jul-97 19.5 120
SRD2E 24-Jul-97 19.5 120
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Probe Date o2 DBG
SRI3B 24-M -97 20.5 55
SRI3C 07-M -97 18.4 85
SRI3C 22-JuI-97 85
SRI3D 07-M -97 120
SRI3E 07-Jul-97 155
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